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Chapter 1 
Introduction 
 
 
This chapter describes the general scientific context and the research field in which this thesis 
is based. First, the motivations for the use of new lubricant systems regarding the global energy issues 
are given. The second part gives a brief overview of the diverse available lubricants and discusses the 
advantages of nanoparticle addition to a liquid lubricant or the employment of nanostructured 
lubricant thin film. Finally, the aim of this work is summarized and the structure and the outline of this 
thesis are presented. 
 
1.1. Tribology and the necessity of lubrication 
Tribology is defined as “the science and technology of interacting surfaces in relative 
motion, which involves friction, wear and lubrication”. The term “tribology” was introduced 
in the 1960s by Prof. Peter Jost.  It embraced physics, chemistry, materials technology and 
engineering, making it truly interdisciplinary. The basic tribological phenomena are all 
reliability-related. Friction in machinery and equipment resists motion and can result in 
energy losses and failure. Wear is a process of material deterioration that will result in failure 
if it can proceed far enough. Lubrication is the method of controlling friction and wear by 
introducing a third material between the interacting moving surfaces, which can reduce 
energy losses and help avoid failure [1]. 
The subject originated from the art of lubrication has been developed to a much 
broader range of applications. Most mechanical equipment is subject to damage by wear or, 
else, wastes energy by frictional dissipation. Classic illustrations of this rule are found in the 
domestic motor vehicle. Almost half of the mechanical power generated by the engine is 
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wasted in friction between pistons and cylinders and within the gearbox and transmission 
gears (see Fig. 1.1a as example). The sole purpose of the complicated system of engine 
cooling, i.e. a radiator, pump and channels within the engine block, is to provide sufficiently 
low temperatures for the lubricating oil.  
 
Fig. 1.1. (a) Gears in contact without lubricant, (b) memory disk and (c) bones of the body with the 
synovial lubricant fluid between then. 
 
Tribological constraints are not confined only to mechanical equipment; computers 
and electronic equipment are also a fertile source of tribological problems yet to be solved. A 
major limitation of data transmission is that for data transfer from a memory disk to a 
recording head, sliding contact must occur between the disk and the head (see Fig. 1.1b). If 
there is, however, true solid to solid contact between these two parts then transferred data 
will be affected and degraded by wear damage. 
The human body itself is also prone to friction and wear problems. The skin is 
continuously supplied with a fatty excretion called sebum to lubricate and prevent sticking 
wherever contact with a solid surface occurs. The alveoli of the lungs are covered with a 
layer of surfactants to enable this dense network of branch-form tissue to expand and 
contract during respiration without tangling. The human joints are perfect bearings lubricated 
by synovial fluid (see Fig. 1.1c) and operating usually without failure for a very long time. 
The mechanisms of lubrication operating in this case are extremely reliable, however human 
joints are well known for failure by rheumatism and in particular arthritis. In a healthy 
human joint, an extremely low coefficient of friction is maintained, values as low as 0.005 
have been measured. It has also been shown that the synovial fluid effectively prevents 
contact between the joint surfaces. However, when arthritis occurs fragments of cartilage and 
bone are observed in the synovial fluid. These particles are wear particles generated during 
the operation of the joint, and the study of wear and lubrication processes in healthy and 
diseased joints is of vital importance.  
The 20th century has been described as the century of mass production and heavy 
consumption. The natural resources on the earth that have required hundreds of million years 
to accumulate have been almost run out during this period. This has caused rapid change in 
the environment such as the destruction of the ozone layer, the global warming phenomenon 
that all ecosystems, including mankind, cannot adapt to. Artefacts that are not reduced to 
nature are scrapped or discharged everywhere on the earth. Now, the conservation of the 
environment is much needed. The new century is even called the century of environmental 
protection. The ideal state of engineering systems such as design, production, service, 
maintenance and recycling is being reconsidered rapidly. Any kind of manufacturing process 
that involves mass production is being re-examined also from the viewpoint of 
environmental protection.  
b) c)a) 
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Tribology has supported various technological developments over the years, such as 
improving the energy efficiency and durability of vehicles, household appliances, industrial 
machines and plants. Tribology has also responded promptly to common demands for 
decreasing substances from engineering products that would be hazardous to the 
environment, which has included abolishing asbestos from vehicle brake systems, replacing 
refrigerants with CFC-substitutes, and controlling the lead used in bearings. As societies aim 
to become sustainable, tribology needs to be involved and contribute to the solution more 
than even before. Environmentally friendly tribology, eco-tribology, through progress in 
surface modification, is seen to be an effective engineering technology than can contribute 
very much to sustainable societies.  
Recently, the concept of “green tribology” was introduced by Prof. P. Jost, who 
defined it as “the science and technology of the tribological aspects of ecological balance and 
of environmental and biological impacts.”  The objectives are the saving of energy and 
materials and the enhancement of the environment and the quality of life. In the last year 
more and more interest is put in the development of this green or eco-tribology as it can be 
inferred from the number of publications referred to this field [2-6]. In fact, in The World 
Tribology Congress (6-11th September 2009, Japan) the general theme of the conference was 
“Green Tribology” and there were certainly a large proportion of papers devoted to the role 
of Tribology in reducing energy usage – whether by optimised lubricants (different base oils, 
novel additives), surface texturing, and/or the use of alternative materials (such as hard 
coatings and carbon-based coatings).  
The specific field of green or environment-friendly tribology emphasizes the aspects 
of interacting surfaces in relative motion, which are of importance for energy or 
environmental sustainability or which have impact upon today’s environment. The type of 
lubricant used has a significant impact on the lifetime performance and reliability of a 
machine. Optimal lubricant selection and management depends on understanding the 
lubrication regime (i.e. boundary, mixed or hydrodynamic lubrication), lubricant properties, 
established classifications, maintenance plans and an ability to interpret and apply the 
producer’s product specifications to the equipment.  
The performance of lubricants is rapidly changing. Improvements are driven by 
environmental and performance requirements. In industry the trend is for the use of more 
environmentally acceptable lubricants, especially for open systems like in sheet metal 
forming. Secondly, advanced maintenance management systems are being introduced to 
reduce maintenance cost and improve machine reliability. The reduction of waste oil disposal 
by extending oil change intervals is also a point of concern. In automotive engineering 
improvements are driven by increasing restrictions on CO2 emission to be realised by fuel 
economy and new engine technologies.  
In the last two decades, a new group of materials characterized by its small 
dimensions, in the nanometric range (thin films, nanocomposites, nanoparticles, nanotubes, 
etc.) has raised a significant scientific interest and has set the basis of a new emergent 
interdisciplinary area so called nanotechnology. Its potential is the development of new 
properties, processes and phenomena by the controlled manipulation of its microstructure 
down to the atomic level [7,8]. This novel route to the synthesis of materials by the 
assembling of units at submicroscopic level (∼nm) has been the objet of intense and 
innovating investigations in a wide range of scientific fields (chemistry, physics, biology, 
medicine, etc.). In the field of mechanical and tribological properties, the investigations 
pursue the increase of the efficiency of materials, equipments or tools by the increment of the 
hardness, reduction of the friction and the wear resistance of the materials in contact. These 
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improvements can be translated into a huge economic and energetic saving due to the 
lifetime increase of the materials in a selected application without having to be repaired or 
changed. Many different examples of nanostructured systems have been already 
implemented successfully in specific applications. Some of them are worth to be highlighted: 
protective hard coatings in cutting tools and mechanizing, solid lubricants in magnetic 
recording media and engine applications of ceramic nanocomposites of high tenacity and 
hardness. Before we focus on the development of new nanostructured lubricant systems a 
brief description of some basic concepts will be revised in the next section.  
 
1.2. Types of lubricants 
A lubricant is a substance introduced between two moving surfaces to reduce the 
friction between them, improving efficiency and reducing wear. The lubricants can be 
classified as a function of their physics state in fluids or solids. 
 
1.2.1. Fluid lubricants 
The majority of fluid lubricants are based on mineral oils, but also they can be 
produced synthetically. The mineral oils (petroleum oils) are products of refining crude oil. 
There are three types of mineral oil: paraffinic, naphthenic and aromatic. Also greases are 
used as lubricants. In Table 1.1 it is summarized the most typical fluid lubricants with their 
principal characteristics. 
 
Table 1.1. Fluid lubricants with their principal characteristics. 
 
Fluid lubricants 
Types Function/description 
Paraffinic oils 
- Most hydrocarbon molecules of paraffinic oils have non-ring long-chained 
structure. Relatively viscous and resistant to oxidation.  
- E.g.: for manufacturing engine oils, industrial lubricants and as processing oils in 
rubber, textile, and paper industries.  
Naphthenic oils 
- Most hydrocarbon molecules of naphthenic oils have saturated ring structure.  
- E.g.: used in moderate temperature applications, mainly for manufacturing 
transformer oils and metal working fluids 
Aromatic oils 
- Most hydrocarbon molecules of aromatic oils have non-saturated ring structure.  
- E.g.: for manufacturing seal compounds, adhesives and as plasticizers in rubber and 
asphalt production 
Semi-fluid 
lubricants (greases) 
- Typical mineral oil base grease is vaseline.  
- E.g.: used in variety applications where fluid oil is not applicable and where thick 
lubrication film is required: lubrication of roller bearings in railway car wheels, 
rolling mill bearings, steam turbines, spindles, jet engine bearings and other various 
machinery bearings.  
Polyalphaoleins 
(PAO) 
- The most popular synthetic lubricants.  
- PAO’s chemical structure and properties are identical to those of mineral oils. PAO 
are manufactured by polymerization of hydrocarbon molecules (alphaoleins).  
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1.2.2. Classification of solid lubricants 
Solid lubricants may be present in the friction area in forms of either dispersed 
particles (additives in lubricating oils or greases) or surface films (coatings). Some of the 
requirements needed for a good solid lubricant are:  
- Low shear strength in the sliding direction. This property provides low coefficient of 
friction due to easy shear movement of the lubricant material. 
- High compression strength in the direction of the load (perpendicular to the sliding 
direction). A solid lubricant possessing high compression strength is capable to 
withstand high loads without sufficient direct contact between the rubbing 
surfaces. 
- Good adhesion of the solid lubricant to the substrate surface. This property provides a 
presence of the solid lubricant on the part surface even at high shear stresses. 
The best combination of the first two properties possess anisotropic materials like graphite 
carbon, molybdenum disulphide or boron nitride having lamellar crystal structure. 
 
I. Inorganic lubricants with lamellar structure 
The crystal lattice of these materials has a layered structure consisting of hexagonal 
rings forming thin parallel planes. Within the plane each atom is strongly bonded (covalent 
bonding) to other atoms. The planes are bonded to each other by weak Van der Waals forces. 
The layered structure allows sliding movement of the parallel planes. Weak bonding between 
the planes determines low shear strength and lubricating properties of the materials. The 
most commonly used inorganic solid lubricants with lamellar structure are graphite, 
molybdenum disulphide (MoS2) (see Fig. 1.2a and b) and boron nitride (BN). 
Other examples of such materials are sulphides, selenides and tellurides 
(chalcogenides) of molybdenum, tungsten, niobium, tantalum, titanium (WS2, WSe2, MoSe2, 
etc), monochalcogenides (GaS, GaSe, SnSe), chlorides of cadmium, cobalt, lead, cerium, 
zirconium (CdCl2, CoCl2, PbCl2, CeF3, PbI2) and also some borates (e.g. Na2B4O7) and 
sulfates (Ag2SO4). As oxides it can be cited: B2O3, MoO2, ZnO, Re2O7, TiO2. 
 
II. Soft metals 
Due to their low shear strength and high plasticity as well as recrystallization, some 
soft metals possess lubrication properties: lead (Pb), tin (Sn), bismuth (Bi), indium (In), 
cadmium (Cd), silver (Ag), gold (Au), etc. They are used chiefly as solid lubricants because 
the attractive properties they combine are unavailable in other solid lubricant. For example, 
in addition to its soft nature, silver has excellent electrical and thermal conductivity, good 
transfer-film forming tendency; it has been commercially used to lubricate the high-speed 
ball bearings [9]. 
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Fig. 1.2. Graphite (a) and MoS2 (b) structure. 
 
III. Organic lubricants with chain structure of the polymeric molecules 
Polytetrafluoroethylene (PTFE) and polychlorofluoroethylene are the typical 
examples of such materials. The molecular structure of these materials consists of long-chain 
molecules parallel to each other. The bonding strength between the molecules is weak 
therefore they may slide past one other at low shear stresses. The strength of the molecules 
along the chains is high due to strong bonding between the atoms within a molecule. Such 
anisotropy of mechanical properties provides good lubrication properties of the materials. 
PTFE are used in form of coatings applied on the substrates surfaces (Polymer based engine 
bearing overlays).  
 
1.2.3. Selection between lubrication modes: wet and dry 
Generally, the best strategy to reduce friction and wear of materials is to design a 
scientific tribological system, which includes optimized mechanical structures, effective 
lubricating system, appropriate matching of sliding pairs, etc. However, for a specific sliding 
system, two common approaches can be carried out.  
-  Dry/solid lubrication. One alternative is applying surface engineering and 
technology to prepare a coating on the friction surface, such as the thermal 
spraying, electrodepositing, physical and chemical vapor deposition (PVD and 
CVD, respectively). 
-  Wet/liquid lubrication. The other one is using high effective lubricants such as 
lubricating oils, greases and additives. 
Both kinds of lubrication present their own pros & cons. Some of them are detailed in the 
next Table 1.2. The friction coefficient and lifetime of any lubricant generally vary with the 
environment; and lubricants have very different characteristics under different conditions. It 
is essential, therefore, to select the right lubrication technique and lubricant for each 
mechanical and tribological application.   
 
b) a) 
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Table 1.2. Pro & cons of the wet and dry lubrication. 
Lubrication mode  
Wet Dry 
Pr
os
 
- Allows high duty & high speed operation  
- Possibility of hydrodynamic lubrication  
- Thermal conduction superior to most solid 
lubricants 
- Do not generate wear debris 
- Relatively cheap and easily applied 
- Minimum torque noise 
- In most cases offers additional corrosion 
protection 
- Removal (oil filter) & means for detection of 
wear particles (magnetic) 
- Negligible vapour pressure (OK in vacuum 
and low pressures) 
- No surface migration/creep (avoids the use of 
seals) 
- Wide operational temperature range 
- Wear rate is often independent of speed 
(supports accelerated life test) 
- Electrically conductive 
- Avoids start up wear (e.g. wet on dry) 
- Applications where oil/grass is not allowed 
(food, medical). 
- Diversity of the application forms  
C
on
s 
- Vapor pressure: evaporation loss 
- Limited temperature range (-70 to 250 ºC) 
- Viscosity is temperature & pressure 
dependant 
- Surface migration & leaks: requires seals 
- Degradation of oil over time 
- Not allowed for some application (medical, 
food) 
- Generation of wear debris 
- Friction/wear can be sensitive to 
moisture/water (e.g. MoS2) 
- Life limited by lubricant wear 
- Adherence of coatings can be cumbersome 
 
1.3. Wet lubrication 
1.3.1. Lubricant additives 
Liquid lubricants are used in almost all fields of human technological activity, e.g., 
lubrication of various types of vehicles, energy-producing equipment and metalworking 
processes involve thousands of tons of liquid lubricant compositions. Pure petroleum-based 
hydrocarbon blends or lubricants based on synthetic hydrocarbon-type mixtures (polyolefins 
or esters) do not meet all requirements provided by original equipment manufacturer’s for 
lubricating materials used in modern engines or in other applications. The usual solution is 
the addition of relatively small amounts of certain additive compounds that provide 
significant improvement of base oil properties with regard to either oxidative degradation or 
to tribological and other performance characteristics.  
The additives are compounds that enhance some properties of, or provide new 
property to, the base oil. Combination of different additives and their quantities are 
determined by the lubricant type (engine oils, gear oils, hydraulic oils, etc.) and the specific 
operating conditions (temperature, loads, machine parts materials, environment). The more 
important types of additives are included in Table 1.3. 
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Table 1.3. Types of additives and their function/description. 
 
Additives 
Types Function/description 
Friction Modifiers 
- To reduce coefficient of friction. Crystal structure of most of friction modifiers 
consists of molecular platelets (layers), which may easily slide over each other.  
E.g.: solid lubricants (graphite, MoS2, PTFE). 
Anti-Wear (AW) 
- To prevent direct metal-to-metal contact between the machine parts when the oil 
film is broken down. E.g.: zinc dithiophosphate (ZDP), Zinc 
dialkyldithiophosphate (ZDDP), Tricresylphosphate (TCP). 
Extreme Pressure (EP) - To prevent seizure conditions caused by direct metal-to-metal contact between 
the parts under high loads. E.g.: Esters, ZDDP, MoS2. 
Detergents 
- To neutralize the acidity byproducts of lubricant oxidation and thermal 
decomposition E.g.: phenolates, sulphonates and phosphonates of alkaline and 
alkaline-earth elements. 
Oxidation Inhibitors - To reduce oxygen attack on the lubricating base oil. 
Rust and Corrosion 
Inhibitors - To form a barrier film on the substrate surface reducing the corrosion rate. 
Dispersants - To keep the foreign particles present in a lubricant in a dispersed form. 
Pour Point Depressants - To give oil better low temperature fluidity. 
Foam Depressants - To control the tendency for foaming. 
Viscosity Index (VI) 
Improvers - To control the viscosity of multi-grade oils.  
 
Most of additives comprise polar functional groups and belong to various classes of 
organic or organometallic compounds. The tribo-active additives generally contain 
tribologically active elements or combinations thereof (P, S, Cl, Zn, N, etc.) that are capable 
of forming protective tribological inorganic or similar layers on friction surfaces as a result 
of reactions with construction material (iron or its alloys in most cases).  
Organic compounds such as zinc dialkyl (or diaryl) dithiophosphate (ZDDP), tricresyl 
phosphate (TCP), trixylyl phosphate (TXP) and dilauryl phosphate, have been proved to be 
good anti-wear (AW) and extreme-pressure (EP) additives. They usually contain “active” 
elements such as sulphur, phosphorus or chlorine as well as polar group for strong 
adsorption. Under mild sliding conditions, they can orientate perpendicular to the specimen 
surface and thus form a film to withstand the local contact pressure. On the other hand, under 
harsh condition, those additives could react with specimen surface to form so called 
“reaction film” providing good protection for specimen. However, the use of “active 
element” in general EP/AW additives is limited by the influence of environmental problems 
nowadays due to their corrosion to metal specimen and the pollution caused by the 
manufacture as well as the use of those popular additives [10,11].  
Over the last few years, interest in the synthesis and properties of colloidal inorganic 
particles has steadily grown because of the great expectations for their application in 
different fields of material science and technology [12-14]. This is due to their unique 
properties: catalytic, optical, semiconductive, magnetic, antifriction and others. It is 
anticipated that nanoparticulate additives may integrate the virtues of organic compound 
additive and solid lubricant additive. 
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1.3.2. Inorganic NPs as additives 
I. Lubrication mechanism 
The addition of nanoparticles into lubricating oil significantly reduces the friction 
coefficient and increases the load-bearing capacity of the friction parts in mechanical 
systems. A variety of mechanisms have been proposed (Fig. 1.3) to explain the lubrication 
enhancement of the nanoparticle-suspended lubricating oil (i.e., nano-oil), including the ball 
bearing effect [15-17], protective film [18-22], healing or mending effect [23] and polishing 
effect [24]. These mechanisms can be mainly classified into two groups. The first is the 
direct effect of the nanoparticles on lubrication enhancement (Fig. 1.3a and b). The 
nanoparticles suspended in lubricating oil play the role of ball bearings between the friction 
surfaces. In addition, they also make a protective film to some extent by coating the rough 
friction surfaces. The other is the secondary effect of the presence of nanoparticles on surface 
enhancement (Fig 1.3c and d). The nanoparticles deposit on the friction surface and 
compensate for the loss of mass, which is known as mending effect [23]. And also the 
roughness of the lubricating surface is reduced by nanoparticle-assisted abrasion, which is 
known as a polishing effect [24,25]. 
 
 
 
Fig. 1.3. Possible lubrication mechanisms by the application of nano-oil between the frictional 
surfaces. 
 
II. State of the art 
In this review, I shall discuss mainly the synthesis and properties of inorganic nano-
sized particles that were tested for use in liquid lubricant systems. Due to variety of 
‘nanoparticle’ definition with respect to their dimensions, e.g., Klabunde [13] suggests the 
range of from 1 to 7 nm, while many authors designate the synthesized particles as nano-
sized objects even when their measured dimensions lie in the range of tens of nanometers, I 
will preferably limit it to papers describing the particles of up to 100 nm. 
i) Over-based detergents 
The nanosized or colloidal inorganic particles are already widely used in the field of 
petroleum chemistry wherein a number of so-called over-based dispersing additives is used 
a)  rolling efect a)  protective efect 
c) healing efect d)  polishing  efect 
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since 1950s [26,27]. This class of substances represents colloidal systems that include 
dispersions of extremely small particles of alkaline earth metals hydroxides and/or 
carbonates in hydrocarbon material such as lubricating oils [28]. The so-called over-based 
detergent additives comprise a solid core consisting of alkaline metal carbonate/hydroxide 
(see Fig. 1.4a) and in fact represent surface-capped nanoparticles.  
 
          
Fig. 1.4. (a) Schematic illustration of an overbased detergent composed of a carbonate core and a 
surfactant layer. (b) TEM image of typical IF-MoS2 nanoparticle from Wiesel et al. [50]. 
 
ii) Inorganic nanosized particles as lubricant additive  
Bare nanoparticles usually possess excessive surface energy and should be protected 
(surface capping or modification) or placed in an inert matrix for use in most applications 
[29,30]. Capping nanoparticles with a monolayer of organic molecules is a convenient way 
to stabilize them, which provides a method to generate organic–inorganic core-shell 
composite with adjustable surface properties [10]. The organic molecules used as capping 
agent usually have a polar group, which can chemisorbed on the surface of the inorganic 
nano-core; and a long alkyl chain, which enables inorganic nanoparticles soluble in organic 
media to expand their potential application fields. The resulting core-shell nanoparticles are 
kinds of monolayer protected clusters materials [10], and referred as “oil-soluble” 
nanoparticles in our research because they have high stability and solubility in organic 
solvents and lubricating oil. During the last decade, a number of attempts were made to 
synthesize various capped-inorganic nanoparticles as lubricant additives [31], as examples: 
• Dialkyldithiophosphate (DDP)-PbS [32]; -Cu [33]; -LaF3 [34] and -MoS2 [35] 
• Oleic acid (OA)-PbS [36]  
• 2-Ethyl hexanoic acid (EHA)-TiO2 [37] 
 
An example nanoparticles used as additives is the NanoGold OilTM from Jie Yuan 
Nano Tech Co. Ltd, which is an additive for petrol or diesel engines that is claimed to offer 
fuel savings and power improvements, as well as reduced engine noise. NanoGold OilTM is 
based on a liquid additive comprised of synthetic oil and gold and titanium nanoparticles that 
are believed to coat a layer of gold on the engine’s cylinder and piston surface, as well as on 
lower parts of engines such as shaft and cam shaft, thereby filling and sealing micropores 
and pits that may exist [38]. 
b) a) 
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iii) Inorganic fullerene-like (IF). WS2 and MoS2 nanoparticles 
Particulate lamellar solid lubricants can also be used as additives and have been 
proved possessing excellent anti-wear and EP properties. For instance, fine particles of MoS2 
suspended in mineral oil can form a continuous MoS2 film on the rubbing surfaces under 
boundary lubrication conditions, which could reduce the wear and friction [39,40]. In fact, 
the most efficient compound reducing friction coefficient is MoS2, but it is not soluble in 
organic media and can be used only in the form of fine dispersions [41], preferably in 
greases, or in the form of oil-soluble molybdenum-containing complexes [42-45], such as 
e.g. molybdenum (VI) dialkyldithiophosphate (DDP) or dialkyldithiocarbamate (DTC) 
derivatives.  
An interesting example of similar nanosized objects used as solid lubricants, namely 
WS2 and MoS2 fullerene-like nanoparticles is described by Tenne et al. [15,46-49]. Each 
particle consists of a number of progressively smaller concentric spheres (like an onion) 
nested one within the other. In Fig 1.4b. it is clearly visible concentric spheres. The structure 
of each shell resembles the geodesic dome design of Buckmisnter Fuller and are thus termed 
« fullerenes ». Up until this discover it was thought that fullerenes could only be made with 
carbon atoms, hence the name inorganic fullerene, of IF, nanoparticles. They are insoluble in 
hydrocarbons, but can be used as solid lubricant component providing low friction 
coefficient. In addition, it is reported that 1 wt.% of added IF-MoS2 (IF designates inorganic 
fullerene) to polya-olefin oil significantly reduces friction coefficient [51]. 
 
1.4. Dry lubrication  
1.4.1. Historic development 
While many dynamic systems are lubricated by fluids of various kinds, modern 
technologies, like aerospace, clean room equipment, medical devices and machines, require 
the application of dry coatings which exhibit reduced friction and wear. Lubrication of 
dynamic surfaces by fluids adds complexity, weight and cost to the system, which imposes 
various constraints and limits the performance of these systems. Furthermore in last years 
European Union has emanated restrict directives for the use of environment harmful products 
which is the case of most of the liquid lubricants. Thus, the development of self lubricating 
materials has increased exponentially in last decades with the main scope of reducing or even 
eliminating the use of synthetic oil lubrication. 
Historically, the important development in the formulation and use of solid lubricants 
is first due to the natural ability of various materials to exhibit rather low friction and low 
wear under specific conditions. Considerable works have been devoted to carbonaceous 
materials, including DLC films. In spite of considerable research developments, through 
more than 2000 published papers from the past 25 years, there exists no single solid lubricant 
that can provide both low friction and wear over broad use conditions, temperatures and 
environments. In the second half of the 20th century, surface coatings have emerged as an 
important industrial branch. A large variety of functional properties (mechanical, wear, 
corrosion, fretting, weight, cost, bioreaction, etc.), can be optimized separately for the bulk 
material and the surface by applying an appropriate coating. Therefore, coated parts usually 
show a superior performance compared to uncoated work pieces.  
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The ever-growing need for superior coatings to withstand severe operating conditions 
even at high temperatures, to have low friction, to last longer or to cause a desired 
bioreaction is the driving force for further development of new protective coatings. To 
change the properties of a coating various possibilities are at hand. Adequate elements can be 
alloyed to an existing coating to change its properties to a desired value as described in the 
next section. When alloying an additional element with an existing single phase coating the 
additional element can either be diluted in the matrix and a new single phase coating is 
produced or the additional element forms a second phase resulting in a two phase coating. A 
composite coating usually consists of two or more phases combined either as different layers 
(multilayer) or as a homogeneous isotropic mixture of different phases (nanocomposite). The 
different possibilities are displayed schematically in Fig. 1.6 and will be described in more 
detail in the next section. 
 
Fig. 1.6. Schematic representation of the structure of the different types of coatings: a) single, b) 
alloyed, c) multilayer and d) nanocomposite coatings. 
 
1.4.2. Structure of tribological and solid lubricant coatings 
I. Single-component coatings 
In spite of the enormous efforts to develop new coatings and coating systems, only a 
few and mostly ‘simple-structured’ films prevailed on the market and continue to be 
favorites. Among solid lubricants, DLC and carbonaceous films probably exhibit the widest 
range of friction and wear behavior. Diamond films are extremely hard and offer several 
outstanding properties, such as high mechanical strength, chemical inertness and very 
attractive friction properties. The high-quality diamond coatings produced by CVD exhibit 
most of the desired mechanical and tribological properties of natural diamond [52]. 
Nanocrystalline diamond (NCD) films with a very smooth surface finish have also been 
deposited [53] and very low friction coefficients are attained [54].  
The great versatility of carbon materials arises from the strong dependence of their 
physical properties on the ratio of sp2 (graphite-like) to sp3 (diamond-like) bonds [55,56]. 
There are many forms of sp2-bonded carbons with various degrees of graphitic ordering, 
ranging from microcrystalline graphite to glassy carbon. In general, an amorphous carbon 
can have any mixture of sp3, sp2, and even sp1 sites, with the possible presence of up to 60 
at.% hydrogen. The compositions are conveniently shown on ternary phase diagram, see Fig. 
1.7. We define diamond-like carbon (DLC) as amorphous carbon with a significant fraction 
of sp3 bonds. The hydrogenated amorphous carbons (a-C:H) have a rather small C-C sp3 
content. DLC’s with higher sp3 content are termed tetrahedral amorphous carbon (ta-C) and 
its hydrogenated analogue (ta-C:H). Another crucial parameter is the degree of clustering of 
the sp2 phase, which should be added as a fourth dimension in the ternary phase diagram 
[55,56]. Amorphous carbons with the same sp3 and H content show different optical, 
electronic, and mechanical properties according to the clustering of the sp2 phase.  
d) b) a) c) 
Introduction 
 
 
 
M.D. Abad 13 
 
Fig. 1.7. Ternary phase diagram of the family amorphous carbons. The three corners correspond to 
diamond, graphite, and hydrocarbons, respectively [56].  
 
A DLC coated consumer good in mass production is the razor blade. The Gillette 
company introduced in 1998 the wet razor “Mach3®” with “DLC™ comfort edges” 
containing three razor blades coated with 150 nm DLC. A year later, Wilkinson-Sword and 
Schick introduced the “FX-Diamond®” and in 2000 the “Protector 3D Diamond” razor with 
also contained DLC coated razor blades to improve performance and lifetime [57]. 
Certain polymers (polytetrafluoroethylene (PTFE), polyimide, nylon, ultra-high-
molecular-weight polyethylene (UHMWPE), etc.) are self-lubricating when used in both 
bulk and thin-film form, or as binders for other solid lubricants [58]. One of the most popular 
polymers is probably UHMWPE, which is used widely in total joint replacements, even if 
improvement of its wear resistance against harder counterfaces is required to enhance the 
wear life of protheses [59].  
 
II. Alloyed coatings 
Adding different elements to an existing coating is one possibility to adapt some of its 
properties to a value desired for specific applications. Amorphous DLC (a-C:H) modified by 
alloying with different elements has been studied extensively as a tribological coating as 
described in the review articles by Grill, Donnet, and Gangopadhyay [60-63] and is also 
established in several industrial applications [64-67]. The dependence of the coefficient of 
friction on the ambient humidity could be improved by the addition of Si [61,68-70]. A 
review of the influence of different concentrations of Ti, W, Nb, Si, and Ta in a-C:H films on 
the wear and other properties is given in the references [70,71]. 
 
III. Multilayer coatings 
Coating with non isostructural single layers are referred many times in the literature 
survey like classical multilayers. Most of the coatings prepared and used today belong to this 
group. The fundamental background to realize this concept is to interrupt the columnar grain 
growth and to combine different materials. The tribological behavior of the classical single 
layer coatings like TiN and TiC could be improved by building multilayer structures with 
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other hard metal nitrides or carbides. TiN/TiC, TiN/TiC/BN, TiN/TiC/B4C, TiN/TiVC/AlN, 
and TiN/TiC/SiC multilayer structures composed of 3-150 layers of nanometric thickness, 
exhibit a lower coefficient of friction as well as a longer edge life when applied on cutting 
tools, as shown by Holleck [72]. Another example from the literature is the commercially 
available from Balzers multilayer formed by WC and C by the tradename Balinit C® (Fig. 
1.8) [73]. 
 
 
Fig. 1.8. (a) TEM micrograph of the WC/C multilayer structure and (b) WC/C multilayer coated spur 
gear of Balinit C® (Photo Balzers AG) [73]. 
 
IV. Nanocomposite coatings  
Analogous to the nanoscale multilayer coatings presented above, it is possible to 
deposit isotropic nanocomposite coatings consisting of crystallites, embedded in an 
amorphous matrix, with grain sizes in the nanometer range. Two different materials, namely 
the crystalline and the amorphous phase, are deposited simultaneously and the 
nanocomposite material forms by a phase separation. A prerequisite for the phase separation 
is a complete immiscibility of the two phases. In contrast to the multilayer structures, where 
any material combination can be deposited at any multilayer period, nanocomposites can 
only be obtained for certain material combinations. Additionally, the size of the crystallites 
can not be independently controlled by the deposition process, because it is essentially 
determined both by the properties of the materials and by the deposition conditions 
(temperature, plasma conditions, elemental concentrations, etc.). In the last decade some 
nanocomposite thin film systems, which show promising results for applications, have been 
deposited and investigated. 
The nature of the components, crystal size, and the amount of each phase determines 
the final properties of the material. According to Musil and Vleck [74], nanocomposites can 
be classified depending on the nature of the amorphous phase. If this second phase is hard, 
these nanocomposites show super- and ultra-hardness [75]. Some examples of these 
nanocomposites are TiN/Si3N4 [76,77], CrN/SiNx [78] and CrAlN/Si3N4 [79]. The other kind 
of nanocomposites consists of those formed by crystals of a hard phase embedded in a soft 
phase. These soft phases usually have self-lubricant properties and some examples from the 
literature are ZrN/Cu [80,81], TiN/CNx [82], WC/DLC/WS2 [83] and many other transition-
metal carbides dispersed in amorphous carbon (a-C) matrix namely as MeC/a-C (TiC/a-C 
[84-88], WC/a-C [89,90], TiBC/a-C [91,92]).  
b) a) 
Black lamella: 
C-rich 
White lamella: 
WC-rich 
0.1 μm 
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i) Nanocomposite nc-hard/a-hard 
One of the most famous nanocomposite coating is the formed by the system nc-TiN/a-
Si3N4 which was deeply studied by Veprek et al. [75]. In accordance with the Ti-Si-N phase 
diagram which does not present any stable ternary phase under equilibrium conditions [93], 
two-phase TiN/Si3N4 coatings form when silicon is added during deposition of TiN. The first 
successful attempts to improve the hardness of TiN by addition of silicon have been reported 
by Li et al. [94] and Veprek et al. [75,95,96]. These films showed an unusual high hardness 
of about 60 GPa at 15 at.% silicon in the Ti-Si-N film while only X-ray signals from TiN 
were observed [94]. In further experiments these coatings were identified as nanocomposites 
consisting of TiN crystallites of about 4-7 nm (nc-TiN) surrounded by an amorphous Si3N4 
(a-Si3N4) matrix [95]. Such a nanocomposite is schematically illustrated in Fig. 1.9 with TiN 
crystals embedded in an amorphous matrix of Si3N4. 
 
 
 
Fig. 1.9. (a)  Just as the single rocks in a stone wall are surrounded by mortar, the grains of TiN in nc-
TiN/a-Si3N4 are covered by a-Si3N4 and thereby provide a much better resistance against deformation. 
(b) Schematic representation of a nanocomposite consisting of a nanocrystalline phase embedded in an 
amorphous matrix. 
 
These materials are excellent candidates for protective applications as cutting or 
drilling tools; however, for tribological applications other properties as low friction, wear 
resistance, toughness or load capacity are also needed in order to prevent the brittle fracture 
or delamination of the coating under severe conditions. One way to improve composite 
toughness is to combine the hard nanocrystalline phase with a soft matrix as TiC/a-C [97], 
ZrN/Cu [98] or ZrO2/Cu [99]. 
 
ii) Nanocomposite nc-hard/a-soft 
Nanocomposite thin films with outstanding properties are not only restricted to the 
nitride systems. The incorporation of carbide particles into amorphous carbon (a-C:H, DLC) 
was already reported by Sundgren since the beginning of DLC as a low-friction hard coating 
[100]. Films consisting of TiC crystallites in a hydrogen-free a-C matrix have been deposited 
by a combined pulsed laser deposition and reactive magnetron sputtering process by 
Voevodin [97]. The ablation of carbon in the laser plume and its subsequent ionization lead 
to the formation of a dense amorphous network of a-C [97,101]. In contrast to the TiN/Si3N4 
nanocomposites, this type contains significantly larger grains of some tens of nanometers 
with a thicker separating amorphous phase between the nanocrystallites of about 5 nm. The 
a) b) 
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crystallite size of 10-50 nm is large enough to allow the formation of dislocations, but is too 
small for self-propagation of cracks. The larger grain separation permits adaptation of 
incoherency strains and enables formation of nanocracks between the crystallites to allow 
pseudoplastic behavior. In this way, this material exhibits four times higher toughness than 
single-crystalline TiC and hardness values of about 32 GPa [102]. During mechanical load, 
the pseudoplasticity (instead of the highly elastic behavior of superhard TiN/Si3N4) allows 
the distribution of load peaks originating from asperities of the friction counterpart, instead 
of crack formation and hence the lifetime of the coating can be prolonged or its destruction 
can even be avoided. These TiC/a-C films were therefore called “load-adaptive coatings”. A 
representative example of TiC/a-C coatings is represented in Fig. 1.10a. 
 
 
 
Fig. 1.10. (a) HRTEM image and SAED for coating TiC/a-C [103]. (b) Schematic of a conceptual 
design for a nanocomposite tribological coating with chameleon-like surface adaptative behavior 
[105]. 
 
Another example of such behavior, published by Voevodin et al. [102,104] and 
related to a composite coating produced within the W–C–S system, consisted of 1–2 nm WC 
and 5–10 nm WS2 grains embedded in an amorphous DLC matrix (see Fig. 1.10b). The 
WC/DLC/WS2 nanocomposite exhibited self-adaptation to operations that occur in aerospace 
systems. This adaptation was found in crystallization and reorientation of initially 
nanocrystalline and randomly oriented WS2 grains, graphitization of the initially amorphous 
DLC matrix, reversible regulation of the composition of the transfer film between WS2 and 
graphite with environmental cycling from dry to humid air and possible DLC/WS2 
synergistic effect, providing friction reduction in oxidizing environments. These 
nanocomposites were termed “chameleon” for their ability to resist friction and wear by 
changing surface chemistry and microstructure in response to environmental and loading 
variations, much like a chameleon changes its skin color to avoid predators. 
 
1.5. Objectives  
The overall objective of this Ph.D. research project is the development of new 
nanostructured lubricant systems that represent new alternatives or real improvement to the 
existing solutions to reduce friction and wear in tribological applications. This objective will 
be studied from two different approaches: 
b) 
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a) Wet lubrication:  metallic nanoparticles stabilized by surfactants that improve the 
load-capacity and reduce wear of materials in contact. These 
systems could act as a solid lubricant or in combined form as 
additive dispersed in a base media. 
b) Dry lubrication:  nanostructured composite coatings that show a good compromise 
between mechanical (hardness, fracture resistance) and 
tribological properties (low friction and wear rate) prepared by 
magnetron sputtering technique. 
In both cases, this thesis project involves the synthesis, structural and chemical 
characterization and the validation of the developed systems in friction and wear test carried 
out in laboratory. The study of the relationships between the microstructure and properties 
will be essential to understand the mechanisms of action and to get the knowledge needed for 
the tailored design of such nanostructured materials and their technological use. 
In the case of lubrication by nanoparticles, tribological tests will be done using metal 
nanoparticles (Pd and Au), with sizes below 5 nm, prepared by chemical methods. 
Stabilizing agents (surfactants, in this case) are employed that interact through electrostatic 
and/or steric forces to control the size of particles generated and the phenomena of 
coalescence and aggregation. Alkanethiol chains and quaternary ammonium salts will be 
used as protecting groups. The behavior of these systems as nanostructured lubricants is new 
and very interesting due to the versatility of its synthesis method. Chapter 3, entitled 
“Metallic nanoparticles for anti-wear applications”, describes the tribological behaviour of 
Au and Pd nanoparticles dispersed in a lubricant base.  
The strategy in the case of the nanostructured coatings is to prepare a nanocomposite 
that combines a hard phase (which provides resistance) with an amorphous matrix phase that 
would act as a lubricant. The nanoscale design of these two components allow us to benefit 
from the advantages seen in the superhard nanocomposites, such as hardness, together with a 
low friction and wear thanks to the lubricant phase that would gradually be dosed as the 
coating will be worn. This solution would avoid or reduce the use of liquid lubricants with 
the consequent environmental benefit. Tungsten carbide (WC) and titanium carbo-borides 
(TiBxCy) are used as hard nanocrystalline phases embedded within of an amorphous non-
hydrogenated carbon matrix (a-C) as lubricant phase. The coatings will be prepared by 
magnetron sputtering technique under different experimental conditions, carrying out a 
throughout microstructural, mechanical and tribological characterization to validate the 
applicability, durability and resistance of the coatings. Chapter 4 and 5, “WC/a-C and 
TiBC/a-C nanocomposite coatings” describe a deep study on the tribological and mechanical 
properties of these films and study their relationship with the structure and synthesis details.  
In Chapter 6, “Comparative tribological study of MeC/a-C nanocomposite coatines”, 
the tribological behaviour of nanocomposite films composed by metallic carbides mixed with 
armorphous carbon was assessed by comparing TiC/a-C, WC/a-C and TiBC/a-C series 
prepared by magnetron sputtering technique with variable carbon contents.  
Finally, Chapter 7 presents the conclusions of this thesis and suggestions for future 
works. 
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Chapter 2 
Synthesis and experimental methodology 
 
 
This chapter is divided into three main blocks. First, it is described the synthesis of the metallic 
nanoparticles by chemical reduction to be used for wet lubrication. Second, for dry lubrication, 
nanocomposite coatings were prepared by the magnetron sputtering technique and the concepts of the 
technique and the chamber of deposition is described in detail. In the third part, basic principles of the 
characterization techniques (TEM, EELS, XRD, etc...), data on the equipment specifications and used 
testing conditions are presented. Finally, a summary of the basic concepts of the tribological 
phenomena (friction, wear and lubrication) and measurement of the mechanical properties are shown.  
 
 
2.1. Synthesis of surface-protected metal nanoparticles by chemical 
reduction 
2.1.1. Introduction: historical overview 
The twenty-first century is in many ways the century of nanotechnology. Promises 
and possibilities are wide-ranging: nanometric catalysts open new routes to a variety of 
products [1,2], nanomagnets will store information for superfast computers [3], nanowires 
will string together nanoelectronic circuits [4,5] and nanomachines will transform modern 
medicine [6]. For all these applications, understanding and controlling the synthesis of metal 
nanoparticles (NPs) is essential. 
The various methods for synthesizing metal NPs were extensively reviewed by 
Bönnemann [7], Schmid [8], Aiken and Finke [9], Roucoux [10], Wilcoxon [11], Philippot 
and Chaudret [12] and Cushing [13]. In general, there are four main categories; (i) reduction 
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of transition metal salt precursors, (ii) electrochemical synthesis, (iii) reduction of organic 
ligands in organometallic precursors, and (iv) metal vapor chemistry. Next, I will focus on 
the reduction of transition metal salt precursors as it constitutes the method used for the 
preparation of the nanoparticles in this thesis.  
 
2.1.2. Synthesis of the metallic NPs by reduction of transition metal salt 
precursors 
Discovered 150 years ago by Michael Faraday, the “wet chemical” reduction has 
become the most common method for making NPs [14]. The first reproducible synthesis was 
done by Turkevich and co-workers, who prepared 20 nm Au particles by citrate reduction of 
[AuCl4]− [15,16]. They also proposed a mechanism for the stepwise formation of NPs based 
on nucleation, growth and agglomeration [17]: 
 
xMn+ + nxe− + stabilizer → M0n (cluster)                             (2.1) 
 
In this approach (eq. 2.1) the reducing agent (e.g. hydrogen, alcohol, hydrazine or 
borohydride) is mixed with the metal precursor salt in the presence of stabilizing agents 
(ligands, polymers or surfactants). The latter prevent the undesired agglomeration and 
formation of metal powders (Fig. 2.1). The actual size of the NPs depends on many factors, 
including the type of reducing agent, metal precursor, solvent, concentration, temperature 
and reaction time. 
 
 
Fig. 2.1. Formation of NPs via reduction of metal salt precursors. 
 
Since “naked” NPs are kinetically unstable in solution, all preparation methods must 
use stabilizing agents, which adsorb at the particle surface. There are three types of NPs 
stabilization: in electrostatic stabilization, anions and cations from the starting materials 
remain in solution, and associate with the NPs. The particles are surrounded by an electrical 
double layer. This results in a Coulombic repulsion that prevents agglomeration. In steric 
stabilization, aggregation is prevented through the adsorption of large molecules (e.g. 
polymers or surfactants) as shown in Fig. 2.2. The third option, combining both steric and 
electrostatic effects, is known as electrosteric stabilization. 
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Fig. 2.2. Steric stabilization of metal nanoparticles 
 
The first surfactant-stabilized NP suspensions were reported in 1976 by Lisichkin et 
al. [18] and in 1979 by Kiwi and Gritzel [19]. The surfactants prevent undesired 
agglomeration by forming a monomolecular layer around the metal core. As example, 
lipophilic surfactants of cationic type such as tetraalkylammonium halides (R4N+X−) can give 
very stable NP organosols [20]. In this way, Pd NPs can be prepared size-selectively (1–5 
nm) in organic solvents or in water, by reducing chemically a Pd salt such as PdCl2, 
Pd(OAc)2 or Pd(NO3)2 in the presence of a tetraalkylammonium salts [21,22]. In 1999, Reetz 
and Maase [23] discovered that an external reducing agent is not necessary if the Pd 
precursor is gently warmed in organic solvents in the presence of excess 
tetraalkylammonium carboxylates. The NPs (l–10 nm in size) are well protected from 
agglomeration by a monolayer of the long-chain alkyl groups [21]. Tetraalkylammonium-
stabilized NPs were used as catalysts in various reactions, including hydroxylation, 
oxidation, C–C coupling, hydrogenations and cycloadditions [10,24]. 
 
2.1.2.1. Synthesis of Pd NPs 
Palladium NPs used in this thesis have been prepared by a redox-controlled size-
selective method, using tetralkylammonium salts (TBA) as surfactant in tetrahydrofuran 
(THF). For preparing sample Pd-TBA, a solution of Pd(NO3)2 from Aldrich (99%) (0.02 g in 
25 ml of THF) was used as a palladium precursor in an excess of tetrabutylammonium 
acetate (0.1 g in 2.5 ml of THF). The resulting mixture was heated to reflux and kept at 70 ºC 
for 30 min. Nitrate is displaced by the more effective acetate ligand, which is followed by the 
reduction of the Pd2+ by electron-transfer, giving rise to Pd0-stabilized clusters [23]. The 
reaction is developed under nitrogen atmosphere to prevent oxidation. Finally the solution 
was cooled to room temperature and dried at ambient air. Only for storage the samples were 
placed in a desiccator. A representation of the chemical reaction is drawn in Fig. 2.3. 
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N2
70º C
AcO -
+
+
+
+
+
Pd
N+
N+
N+
N+
N+
N+
N+
N
AcO -
AcO -
AcO -
AcO -
AcO -
AcO-
AcO-
Tetrabutylammonium
acetate
Pd (NO3)2 +      TBA ++ ++ ++
 
Fig. 2.3. Representation of the Pd NP synthesis. 
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2.1.2.2. Synthesis of Au NPs 
The gold NPs have been obtained from a liquid–liquid phase reduction at room 
temperature following the method proposed by Brust et al. (1994) [25]; dodecanethiol chains 
are used to form the capping of Au-core (Au–RSH). The Au:thiol molar ratio was set to 1:2. 
First, Au(III) is transferred from an aqueous solution containing HAuCl4 (Fluka 99%, 0.064 
g in 6.4 ml of milli-Q water) to degassed and dried toluene: tetraoctylammonium bromide 
(Aldrich 98%, 0.112 g in 20 ml of toluene) is used as the phase-transfer agent. The mixture is 
strongly stirred for 10 min. Once the aqueous phase is removed, 0.1 ml of dodecanethiol 
(Aldrich 98.5%) is added to the organic phase under vigorous stirring for 5 min. Then, the 
formed Au–RSH polymeric precursors are reduced with an aqueous solution of NaBH4 
(Aldrich 99%, 0.1 g in 6 ml of milli-Q water). The presence of an alkanethiol leads to the 
formation of Au–S bonds which isolate the metal clusters preventing them from 
agglomeration. Subsequently, the organic phase was decanted from the aqueous phase and 
the toluene was removed under low pressure by means of a rotary evaporator. Finally, the 
resulting Au NPs were precipitated with ethanol, filtered, washed and dried. A representation 
of the chemical reaction is drawn in Fig. 2.4. More details on the synthesis methodology and 
nanoparticle characterization can be found in references [26,27]. 
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Fig. 2.4. Representation of the Au NP synthesis. 
 
2.2. Synthesis of nanocomposite coatings by magnetron sputtering 
2.2.1. Introduction: historical overview  
In general, the choice of specific deposition technique is made on consideration of 
coating application, coating thickness, desired coating properties, cost and production output 
available from the process, and temperature limitation of the substrate, etc. At present, 
significant effort is devoted to prepare nanocomposite coatings using reactive and non-
reactive magnetron sputtering since this technology is a low-temperature and a far less 
dangerous method compared with chemical vapor deposition (CVD). Also, it can easily scale 
up for industrial application. Co-sputtering of single element targets allows independent 
regulation of each source by changing the power density thus enables adjustment of chemical 
stoichiometry of the resultant compound. A wide range of hard/superhard nanocomposite 
coatings has been synthesized using sputtering method [28-31]. 
Precision control and determination of grain size is important for nanocomposite 
coatings. In magnetron sputtering (MS) process, many basic process parameters affect the 
grain size of the coatings including substrate temperature, substrate ion current density, bias 
voltage, partial pressure of reactive gas (e.g. nitrogen for nitrides) and post-annealing 
temperature. MS can operate at low temperatures to deposit films with controlled texture and 
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crystallite size. A minimum temperature is required to promote growth of crystalline phase to 
the required diameter and/or to allow a sufficient diffusion within the segregating system. A 
temperature maximum exists, however, to prevent significant grain growth and grain 
boundary segregation. Optimized target power density and bias voltage are also needed. 
Low-energy ion bombardment is preferred in the synthesis of nanocomposite coatings. The 
kinetic energy of bombarding atoms/ions is transferred into small areas of atomic dimensions 
and quickly converted into their close vicinity, causing extremely fast cooling process and 
dense films.  
 
2.2.2. Magnetron sputtering process 
2.2.2.1. Conventional sputtering 
In the basic sputtering process, a target (or cathode) plate is bombarded by energetic 
ions generated in a glow discharge plasma, situated in front of the target. The bombardment 
process causes the removal, i.e., “sputtering”, of target atoms, which may then condense on a 
substrate as a thin film [32]. Secondary electrons are also emitted from the target surface as a 
result of the ion bombardment, and these electrons play an important role in maintaining the 
plasma. The basic sputtering process has been known for many years and many materials 
have been successfully deposited using this technique [33,34]. However, the process is 
limited by low deposition rates, low ionization efficiencies in the plasma, and high substrate 
heating effects. These limitations have been overcome by the development of MS and, more 
recently, unbalanced magnetron sputtering (UMS) and pulsed magnetron sputtering (PMS). 
Magnetron and pulsed magnetron sputtering will be explained more in detail hereafter as 
they correspond to the chosen techniques to synthesize the nanocomposite coatings. 
 
2.2.2.2. Magnetron sputtering 
Magnetrons make use of the fact that a magnetic field configured parallel to the target 
surface can constrain secondary electron motion to the vicinity of the target. The magnets are 
arranged in such a way that one pole is positioned at the central axis of the target and the 
second pole is formed by a ring of magnets around the outer edge of the target (Fig. 2.5).  
 
Fig. 2.5. Schematic representation of the plasma observed in a conventional (a) and unbalanced (b,c) 
magnetron sputtering [35]. 
a) b) c) 
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Trapping the electrons in this way substantially increases the probability of an ionizing 
electron–atom collision occurring. The increased ionization efficiency of a magnetron results 
in a dense plasma in the target region. This, in turn, leads to increased ion bombardment of 
the target, giving higher sputtering rates and, therefore, higher deposition rates at the 
substrate. In addition, the increased ionization efficiency achieved in the magnetron mode 
allows the discharge to be maintained at lower operating pressures (typically, 10−3 mbar, 
compared to 10−2 mbar) and lower operating voltages (typically, −500V, compared to −2 to 
−3 kV) than is possible in the basic sputtering mode. The magnetron power supply can be of 
direct current (d.c) or radio frequency (r.f., usually 13.56 MHz). In the UMS, the magnets on 
the outside are stronger resulting in the expansion of the plasma away from the surface of the 
target towards the substrate (see Fig. 2.5b and c) [35]. 
 
2.2.2.3. Pulsed magnetron sputtering 
 Pulsed magnetron sputtering is widely recognized as an enabling technology, 
particularly for the deposition of dielectric materials [32,36-43]. Pulsing the magnetron 
discharge in the mid frequency range (20–350 kHz) alleviates the chief problem associated 
with the continuous d.c. reactive sputtering of such materials, namely the occurrence of arc 
events at the target. This is achieved through the discharging of the poisoned regions on the 
target during the reverse voltage or “pulse off” phase. The correct selection of pulse 
parameters (frequency, duty, reverse voltage) can result in extended arc free operating 
conditions, even during the deposition of highly insulating materials [38]. The suppression of 
arcs stabilizes the deposition process and reduces the incidence of defects in the film. 
Consequently, films of, for example, alumina, titania and silica, can be produced by pulsed 
sputtering with very much enhanced structural, electrical and optical properties, in 
comparison with films produced by continuous d.c. processing [39,40]. 
Recent Langmuir probe studies have shown that pulsing the magnetron discharge also 
significantly modifies the characteristics of the deposition plasma [43,44]. For example, 
increased plasma densities and electron temperatures have been measured adjacent to the 
substrate in pulsed discharges. Therefore, higher ion energy fluxes can be transported to the 
growing film. Additionally, mass spectrometry studies of the distribution of ion energies at 
the substrate in an asymmetric bipolar pulsed d.c. magnetron discharge have identified the 
existence of populations of ions whose energies can be directly related to distinct phases or 
features within the target voltage waveform [45]. Clearly, the increased flux and energy of 
the particles incident at the substrate may also contribute to the observed improvements in 
the structure and properties of films produced by pulsed processing. Furthermore, these 
benefits are not limited to dielectrics but can be exploited in the deposition of new, advanced 
coating materials.  
Although alternating current (a.c.) power supplies are becoming available, the PMS 
process generally utilizes pulsed d.c. power. In this case, the target is sputtered at the normal 
operating voltage (typically, −400 to −500 V) for a fixed “pulse-on” time. The pulse-on time 
is limited, such that charging of the poisoned regions does not reach the point where 
breakdown and arcing occurs. The charge is then dissipated through the plasma during the 
‘pulse-off’ period by switching the target voltage to a more positive value. There are two 
modes of operation: unipolar pulsed sputtering, where the target voltage is pulsed between 
the normal operating voltage and ground; and bipolar pulsed sputtering, where the target 
voltage is actually reversed and becomes positive during the pulse-off period. Both modes 
are represented in Fig. 2.6. 
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Fig. 2.6. Waveforms of the target voltage when operating in unipolar (a) or bipolar (b) single 
magnetron pulsed sputtering modes [46]. 
 
Due to the much higher mobility of electrons in the plasma than ions, it is usually 
only necessary to reverse the target voltage to between 10 and 20% of the negative operating 
voltage to fully dissipate the charged regions and prevent arcing (if the target voltage is not 
fully reversed, this mode should most accurately be described as ‘asymmetric bipolar pulsed 
d.c.'). During the description of the experimental set-up in the next section a schematic 
representation of the target voltage waveform for a pulsed d.c. power supply operating in the 
asymmetric bipolar pulse mode will be presented. 
 
2.2.3. Experimental conditions for nanocomposite coating deposition 
Two types of nanocomposite films were deposited by non-reactive magnetron 
sputtering combining metallic carbide phase (WC and TiC:TiB2) with graphite carbon. The 
samples will be labeled hereafter for simplicity as WC/a-C and TiBC/a-C although a mixture 
of different crystalline phases or variable stoichiometry can be present. In both we have 
utilized the same vacuum chamber deposition, although the process parameters are different 
and, thus, the experimental set-up was properly conditioned as a function of the coating 
material.  
 
2.2.3.1. Description of the MS vacuum chamber 
The chamber is equipped with two magnetron heads of 2 inches of diameter. Both 
magnetron heads are provided with shutters for the cleaning process (Fig. 2.7). Three power 
supplies (r.f., d.c. and pulsed d.c.) have been used for applying power or voltage to the 
magnetrons or as substrate bias. The gas is introduced in the chamber by a mass flow 
controller and the pressure is monitored by a combined pressure meter (hot cathode and 
Pirani). The residual pressure was less than 3×10− 4 Pa with the help of a turbomolecular 
pump and a rotary pump for the pre-vacuum. The pressure of the reactor during the 
deposition was kept constant at 0.6 Pa. The distance between the targets and the rotary 
sample holder was 10 cm. A rotation speed of 10 rpm was used to ensure homogeneity. This 
sample holder can be connected to a d.c. sources for the cleaning process. No external 
heating was applied to the substrates although the temperature was found to vary in the range 
of 150-200 °C due to the heating effect of the plasma.  
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Fig. 2.7. Layout of the experimental set-up for the thin film preparation by dual magnetron sputtering 
process.  
 
In the Table 2.1 is summarized the main equipment involved in the chamber of deposition 
together with their technical specifications. 
 
Table 2.1.  Main equipments of the chamber of deposition. 
 
Element Model Characteristics 
Magnetron head 1 Amstrong Maximum: 1000 W (d.c.) & 600 W (r.f.) 
Pressure: 5×10− 3 - 10− 1 mbar 
Magnetron head 2 ION’x-2’’ Maximum: 600 W (d.c.) & 400 (r.f.) 
Pressure: 5×10− 3 - 10− 1 mbar 
d.c. generator Hüttinger PFG 1500DC Maximum: 1500 W 
r.f. generator Hüttinger PFG 300RF Maximum: 300 W 
Pulsed d.c. generator MKS Instrument RPG-50 Maximum: 600 W 
Turbomolecular pump Pfeiffer TMU 261 Maximum: <5 ×10− 10 mbar 
Rotary pump Telstar Maximum: 10-3 mbar 
Pressure Pfeiffer IMR 265 Hot cathode: 2×10− 6 - 1 mbar 
Pirani: 10− 6 - 10 3 mbar 
Mass flow controller Aera 7700C Maximum flow: 100 sccm 
 
Deposition was done on different types of substrates depending on the characterization 
technique requirements. Table 2.2 lists the target materials, gas and substrates used for the 
preparation of the coatings described in this work. 
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Table 2.2. Target, gas and substrates characteristics. 
 
Type Material Model Characteristics 
C  Goodfellow Purity: 99.5% 
Dimensions: φ=50 mm, thickness: 3 mm 
WC Kurt J. Lesker Purity: 99.5% 
Dimensions: φ=50 mm, thickness: 6 mm 
T
ar
ge
t 
TiC:TiB2 
(60:40) 
 Prepared by self-propagating high-temperature synthesis 
method (SHS) 
Dimensions: φ=50 mm, thickness: 6 mm 
G
as
 Ar Air liquid Impurities: H20<3ppm, O2<2ppm, CnHm<0.5 ppm 
M2 steel  Chemical composition (at. %); Fe: 82.3, C: 0.43, Cr: 4.2, Mo: 
5, W: 6, V: 2  
Mirror polished (Ra ≈0.03 μm) 
HRC= 65 (HV0.1= 830)  
Silicon wafer ACM Orientation (100), monocrystalline 
Thickness: 0.5 mm 
Oxidized silicon 
wafers 
 Thermally oxidized silicon waters S
ub
st
ra
te
s 
NaCl Teknokroma Thickness: 2 mm 
 
2.2.3.2. Procedure for thin film deposition 
I. Pre-cleaning process  
All the coatings processes carried out in this thesis start with the following steps of 
pre-treatment: chamber baking, substrate heating, substrate etching and target “pre-
sputtering”. Before placing the substrates in the deposition chamber, they were cleaned twice 
with acetone in an ultrasonic bath and dried with N2. 
i) Chamber baking. For desorbing the water molecules of the chamber, a baking process of 
eight hours at 90 ºC with ceramic heaters (∼ 400 W) placed inside the chamber and 
oriented towards the chamber walls was done (Fig. 2.8). The voltage is controlled 
by a variable voltage drive and the temperature by a solid state relay which receives 
information of a thermocouple type K (Cr-Al) placed in the wall chamber. After 
first process a pressure lower than 3×10− 4 Pa is obtained.  
 
Fig. 2.8. Inside view of the chamber used with the four ceramic heaters oriented toward the chamber 
walls and the six lamps at the back of the substrate holder in the center of the picture. 
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ii) Substrate heating. A specific heating of the substrates at 90 ºC is achieved by six lamps 
placed at the back of the substrates holder during one hour. The 6 lamps of 12 V are 
connected in two series in parallel to apply low voltage. The voltage is controlled by 
a variable voltage drive. The temperature is measured with a thermocouple type K 
(Cr-Al) recovered by MgO placed in the vicinity of the substrate holder. 
iii) Substrate etching. After the heating process a d.c. bias of 1000 V is applied during one 
hour with the aim of etching the top-oxide and the contaminant layers of the 
substrate surfaces. 
iv) Target “pre-sputtering”. In order to avoid the film contamination from the 
impurities/oxides present in the surface of the targets they were pre-sputtered, with 
the help of the shutters, for 1 hour, under the same atmosphere used for the film 
deposition. 
 
2.2.3.3. Thin film deposition  
I. WC/a-C  
 A series of samples has been prepared by changing the sputtering power ratio, 
defined as R=PC/PWC, from 0 to 3. A r.f. plasma generator has been used for sputtering the 
WC target operating at a frequency of 13.56 MHz. A d.c. plasma generator has been used for 
the graphite target and occasionally to apply a negative d.c. bias to the substrates. The typical 
power values (PWC) applied to the WC target were 150 and 250 W while those applied to the 
graphite target (PC) were varied from 0 to 450 W. The obtained films are labeled as R0, R0.1, 
R0.3, R0.5, R1, R2 and R3. For R0 a 100 V of bias was applied during film growth (see table 
2.3). 
 
Table 2.3. Film sputtering conditions for the WC/a-C samples 
 
 
 
 
 
 
 
In all the nanocomposite coatings, an underlayer was previously deposited by 
sputtering exclusively the WC target at 250 W whilst the substrates were negative biased 
with a d.c. source at 100 V. Typical film growth times were about 4 hours and film 
thicknesses range from 0.75 to 2.5 µm. However, depending on the characterization 
technique requirements some changes on the type of substrates and film thicknesses have 
been made. For the study of the thermal stability and the electrical properties the 
nanocomposite coatings have been deposited without underlayer.  
 
Power applied (W) 
Film 
PC PWC 
R 
R0 -- 250 0 
R0.1 20 250 0.1 
R0.3 70 250 0.3 
R0.5 125 250 0.5 
R1 250 250 1 
R2 300 150 2 
R3 450 150 3 
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II. TiBC/a-C 
Ceramic targets of TiC:TiB2 (molar ratio 60:40) were produced using the self-
propagating high-temperature synthesis method (SHS), at the SHS center of Moscow Steel 
and Alloys Institute, described in detail in reference [47]. The elemental composition was 
found to be 42.4 at.% Ti, 30.8 at.% B and 26.8 at.% C, with a residual porosity around 7.5%. 
The TiBC/a-C coatings were prepared by Ar+ sputtering of the combined TiC:TiB2 and 
graphite targets. 
A pulsed d.c. plasma generator has been used for the sputtering of the TiC:TiB2 
target. The frequency range for pulsing was 50 kHz. The pulse width was the 40% of the 
pulse’s duty cycle (measured in nanoseconds 8016 ns). In Fig. 2.9 it is possible to observe 
the typical target voltage waveform used during the deposition process working at 250 W of 
power applied. Once the frequency, pulse width and target power were fixed, the generator 
was used in the constant run mode. A r.f. plasma generator has been used for the sputtering 
of the graphite target operating at a frequency of 13.56 MHz. A d.c. generator has been used 
for the substrate bias. 
 
Fig. 2.9. Schematic representation of the target voltage waveform of a pulsed d.c. power supply 
operating in asymmetric bipolar pulse mode. 
 
A series of TiBC/a-C coatings was prepared by changing the sputtering power ratio 
(R), defined as the ratio of sputtering power applied to the graphite target in respect to the 
TiC:TiB2 target (R= PC/PTiC:TiB2), from 0 to 3. The typical power values applied to the 
TiC:TiB2 target span between 125 and 250 W, while those applied to the graphite target were 
varied from 0 to 375 W. Film deposition always began by first sputtering the mixed 
TiC:TiB2 target at 250 W (underlayer) for 60 minutes. Second, the magnetron with the 
graphite target was switched on and the selected values of sputtering power for each target 
were fixed for TiBC/a-C coating deposition, as summarized in Table 2.4. A negative d.c. bias 
of 100 V was applied to the samples during the whole deposition process. The growth time 
was approximately 5 hours and the film thickness ranged from 1.0 to 1.5. However, 
depending on the characterization technique requirements some changes on the type of 
substrates and film thicknesses have been made. For the study of the electrical properties the 
nanocomposite coatings have been deposited without underlayer.  
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Table 2.4. Film sputtering conditions for the TiBC/a-C samples  
 
 
 
 
 
 
 
 
2.3. Experimental methodology 
2.3.1. Chemical and structural characterization 
2.3.1.1. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) 
Inductively coupled plasma atomic emission spectroscopy (ICP-AES), also referred to 
as inductively coupled plasma optical emission spectrometry (ICP-OES), is an emission 
spectrophotometric technique, exploiting the fact that excited electrons emit energy at a 
given wavelength as they return to ground state. The fundamental characteristic of this 
process is that each element emits energy at specific wavelengths peculiar to its chemical 
character. Although each element emits energy at multiple wavelengths, in the ICP-AES 
technique it is most common to select a single wavelength (or a very few) for a given 
element. The intensity of the energy emitted at the chosen wavelength is proportional to the 
amount (concentration) of that element in the analyzed sample. Thus, by determining which 
wavelengths are emitted by a sample and by determining their intensities, it is possible to 
quantify the elemental composition of the given sample relative to a reference standard. The 
ICP allows determination of elements with atomic mass ranges 7 to 250.  
The ICP analysis was carried out on a Fisons ARL3410 inductively coupled plasma 
atomic emission spectrometer (ICP-AES).  
 
2.3.1.2. Elemental chemical analysis 
This is a chromatographic technique for chemical analysis of light elements as N, C, 
H, S and O. Such a determination is possible by means of combustion of the sample in a 
furnace at 1000 ºC, which makes it a destructive method. The produced gases are impelled 
by He gas through a cavity with reactive substances, which reduce the number of gaseous 
species after the initial combustion. After this, the resulting gases are conducted towards a 
gas-chromatograph with a thermal conductivity detector, from which N, C, H and S contents 
in the sample are evaluated through the measurement of N2, CO2, H2O and SO2 gases. This 
method is extensively used for the study of any kind of organic compound, as well as 
inorganic synthesized products. 
The elemental analysis was carried out on a LECO model CHNS 93 elemental 
analyzer.   
Power applied (W) 
Film 
PC P TiC:TiB2 
R 
R0 -- 250 0 
R0.2 50 250 0.2 
R0.5 125 250 0.5 
R1 250 250 1 
R2 250 125 2 
R3 375 125 3 
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2.3.1.3. Transmission electron microscopy (TEM) and high resolution transmission 
electron microscopy (HRTEM) 
Electron microscopy is a widely used technique to inspect the morphology of a 
sample with high resolution. Optical microscopes are not able to resolve features smaller 
than the shortest wavelength of visible light, which is around 400 nm. Thus, imaging at very 
small scales is to be performed by means of the radiation of an electron beam, whose 
associated wavelength, λ, can be reduced by four orders of magnitude with respect to the 
optical wavelength. In fact, such associated wavelength is determined by the kinetic energy 
of the electron, Ke, which follows de Broglie’s expression: 
εΚ
==
*2m
h
p
h
λ                                                          (2.2)  
where h is the Planck’s constant, p is the momentum of the electron, and m* is the electron 
mass. The electron microscopes that image the sample in transmission mode are called TEM, 
and they require sample thickness in the 100-200 nm range or thinner. In the bright field 
(BF) modes of the TEM, only the direct beam is allowed to contribute to image formation. 
In this work, a Philips CM200 microscope operating at 200 kV has been used for 
structural determination by TEM, high resolution transmission electron microscopy 
(HRTEM), electron diffraction (ED) and elemental analysis by energy dispersive X-ray 
(EDX) and electron energy-loss spectroscopy (EELS). For their observation, the films were 
grown on NaCl substrates and then floated off in water and supported on a copper grid.  
 
2.3.1.4. Electron diffraction (ED) 
Electron diffraction is a collective scattering phenomenon with electrons being 
(nearly elastically) scattered by atoms in a regular array (crystal). This can be understood in 
analogy to the Huygens principle for the diffraction of light. The electron beam interacts with 
the atoms, and secondary waves are generated which interfere with each other. This occurs 
either constructively (reinforcement at certain scattering angles generating diffracted beams) 
or destructively (extinguishing of beams).  
As in X-ray diffraction (XRD), the scattering event can be described as a reflection of 
the beams at the planes of atoms (lattice planes). The Bragg’s law gives the relation between 
interplanar distance d and diffraction angle θ: 
θλ sin2dn =                                                       (2.3) 
Since the wavelength λ of the electrons is known, interplanar distances can be calculated 
from ED patterns. Furthermore, information about crystal symmetry can be obtained.  
 
2.3.1.5. Electron energy-loss spectroscopy (EELS)  
This technique consists on the analysis of the energy distribution of initially 
monoenergetic electrons after their inelastic interaction with the atomic electrons of the 
sample. EELS is usually installed in a transmission electron microscope (TEM) along with a 
spectrometer, which consists normally on a magnetic prism that performs the filtering of the 
electron energies. Because in TEM observations sample thickness is thin enough to permit 
almost the total transmission of the electron beam, the energy loss spectrum of the electrons 
is intense enough to provide information about the chemical and structural properties of the 
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specimen. Fig. 2.10 shows the dispersion of electron trajectories (γ) that pass through a 
magnetic prism.  
  
 
 
Fig. 2.10. Dispersion and focusing of electron trajectories performed by a magnetic prism (a) in a 
plane perpendicular and (b) parallel to the magnetic field (B). The solid lines represent zero-loss 
electrons and the dashed ones represent those with lost energy. 
 
An EEL spectrum essentially comprises three different signals (Fig. 2.11):  
(i) Zero loss (ZL) peak: As its denomination indicates this peak appears at an energy loss of 
zero and contains all the electrons that have passed the specimen without any interaction or 
with an elastic interaction only. If the sample is thin, the ZL peak is by far the most intense 
signal. 
 
 
Fig. 2.11. Electron energy loss spectrum of TiO2. The inset shows the region with the signals of Ti (L3-
edge at 456 eV, L2-edge at 462 eV) and O (K-edge at 532 eV) with strongly increased intensity.  
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(ii) Low-loss region: This region includes the energy losses between the ZL peak 
and about 100 eV. Here, the plasmon peaks are the predominant feature.  
Both, the ZL peaks and the signals in the low-loss region appear with high intensity and are 
the most eye-catching features in an EELS.  
(iii) High-loss region: At an energy loss of 100 eV, the signal intensity drops 
rapidly. The continuous background comes from electrons that generate unspecific signals, 
most importantly the braking radiation. As in a X-ray spectrum, there are additional peaks at 
well-defined positions in a EELS spectrum above the background that correspond to 
ionization processes. The onset of such an ionization edge corresponds to the threshold 
energy that is necessary to promote an inner shell electron from its energetically favored 
ground level to the lowest unoccupied level. These ionization edges appear at electron 
energy-losses that are again typical for a specific element and thus qualitative analysis of a 
material is possible by EELS as well. This energy is specific for a certain shell of one 
element. Above this threshold energy, all energy losses are possible since an electron 
transferred to the vacuum might carry any additional amount of energy. If the atom has a 
well-structured density of states (DOS) around the Fermi level, not all transitions are equally 
likely. This gives rise to a fine structure of the area close to the edge that reflects the DOS 
and gives information about the bonding state. This method is called electron energy-loss 
near-edge structure (ELNES). From a careful evaluation of the fine structure farther away 
from the edge, information about coordination and inter-atomic distances are obtainable 
(extended energy-loss fine structure, EXELFS) following a similar procedure to the well-
known extended X-ray absorption fine structure (EXAFS) analysis. 
EELS analyses were carried out in a Philips CM200 microscope operating at 200 kV 
and equipped with a parallel detection EELS spectrometer from Gatan (766-2k). For their 
observation, the films grown on the NaCl substrates were floated off in water and supported 
on a grid. The B, C, O and Ti core-loss edge were recorded in the diffraction mode with a 
camera length of 470 nm. The use of a 2 mm spectrometer entrance aperture yielded an 
energy resolution at the zero-loss peak of 1.4 eV. The spectra were recorded for dark current 
and channel-to-channel gain variation. After the subtraction of the background by a standard 
power-law function, the spectra were deconvoluted for plural scattering with the Fourier-
ratio method and normalized to the jump. All of these treatments were performed within the 
EL/P program (Gatan). For quantifications, the sensitivity factors supplied by the software 
were corrected using the reference compounds.  
 
2.3.1.6. Energy-filtering transmission electron microscopy (EFTEM) 
Energy-filtering transmission electron microscopy (EFTEM) is a technique used in 
TEM, in which only electrons of particular kinetic energies are used to form the image or 
diffraction pattern. Energy filtering can be applied for various problems: 
1. Zero-loss filtering. By using only the zero-loss beam, all inelastically scattered 
electrons are omitted (reduction of noise). That leads to increased contrast in TEM 
images (important for specimens with low contrast, e.g. biological specimens) or in 
diffraction patterns. 
2. Electron spectroscopic imaging. By using electrons with a well-defined energy loss 
(ionization edge), elemental distribution maps can be generated. 
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Energy-filtering transmission electron microscopy (EFTEM) was performed in a 
Tecnai F20 at 200 kV field emission gun (FEG) for obtaining ZL images of the WC/a-C 
nanocomposites. 
 
2.3.1.7. Scanning electron microscopy (SEM) 
The SEM uses a beam of electrons to scan the surface of a sample to build a three-
dimensional image of the specimen.  When the electron beam hits the sample, the interaction 
of the electrons from the filament and the sample atoms generates a variety of signals. 
Depending on the sample, these can include secondary electrons (electrons from the sample 
itself), backscattered electrons (beam electrons from the filament that bounce off nuclei of 
atoms in the sample), X-rays, light, heat, and even transmitted electrons (beam electrons that 
pass through the sample). 
Scanning electron microscopy (SEM) data were recorded in a FEG Hitachi S4800 and 
S5200 microscopes operating at 5 kV. 
 
2.3.1.8. Energy-dispersive X-ray spectroscopy (EDX) 
Energy-dispersive X-ray spectroscopy, commonly EDX, EDS, or EDAX, refers to the 
analytical technique used in conjunction with a TEM or SEM microscope in order to identify 
composition and provide chemical characterization of a specimen. An electron beam is 
focused onto the sample that collides with and possibly ejects some of the sample’s 
electrons, forcing them to give up some of their energy, causing the X-rays. The amount of 
energy released is based upon the starting and ending shell of the electron. The resulting x-
ray can be converted into an EDX spectrum plot.  
In this work the EDX have been measured in the TEM (Philips CM200 microscope 
operating at 200 kV) and the SEM (FEG Hitachi S4800 microscope operating at 5 kV) 
microscopes. 
 
2.2.1.9. X-ray photoelectron spectroscopy (XPS) 
In a X-ray photoelectron spectroscopy (XPS) analysis, a sample is irradiated by a X-
ray beam, which contains photons whose energy is hν (h = 6.63×10-34 Js). As a consequence, 
photoelectric effect is produced and, thus, the sample emits electrons with a kinetic energy:  
Bkin EhE −= ν                                                   (2.4) 
where EB is the energy of the electron bond, which is a characteristic of each chemical 
element. Free electrons pass through an electrostatic energy analyser, and a spectrum with 
the yield as a function of Ekin or EB is obtained, which informs about the surface chemical 
composition of the sample. The incident radiation energy is higher than 1 keV, so the 
ionization in the deep energy levels and the valence band is produced. Mg or Al cathodes 
work as X-ray sources when they are bombarded by accelerated electrons coming from a 
filament. The interaction of the incident electrons with the cathode produces a group of X-
ray lines, from which only the corresponding to hν is filtered for the measurements (i.e. Mg 
Kα 1253.6 and Al Kα 1486 eV) 
A XPS spectrum consists of a line distribution superposed to a background radiation. 
The different proportions of the areas defined by every line indicate the stoichiometry. The 
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background increase at low kinetic energies is due to electrons with energy-loss, whereas the 
spectrum lines collect the electrons with full energy. Three factors contribute to line 
broadening: the broadening of the radiation line, the uncertainty of the bond energy and the 
detection band of the instrument. The chemical shift affecting the lines is originated by the 
influence of the atomic environment of the probed elements. Thus, XPS spectrum also 
provides information about the nature of the chemical bond. In-depth chemical profiles are 
measurable by varying the detection angle, and for thickness greater than nanometers, by 
XPS analysis combined with sputter stages with Ar+. 
For the WC/a-C nanocomposite coatings, XPS data were recorded in a VG-Escalab 
210 spectrometer working in constant analyzer energy mode at a pass energy of 50 eV and 
non-monochromatic Mg Kα radiation as excitation source. Samples were previously cleaned 
using Ar+ ion bombardment with an energy of 2.5 keV, the sputtering was kept for 300 s 
with a nominal drain current of 1.7 µA/cm2 and an argon partial pressure of 2.5×10-3 Pa. 
These conditions were found to be the most appropriate to remove preferentially the 
hydrocarbon surface contamination layer without affecting the film elemental composition as 
checked in consecutive survey scans. Quantification was accomplished by determining the 
elemental peak areas, following a Shirley background subtraction and Voigt functions 
corrected by the relative sensitivities of the elements using Scofield cross-sections. Fitting 
procedure was then carried by a least squares routine using XPS Peak Fitting Programme 4.1 
[36] on the W 4f, C 1s and O 1s photoelectron peaks.  
For the TiBC/a-C nanocomposite coatings, XPS measurements were carried out using 
a Leybold-Heraeus spectrometer equipped with an EA-200 hemispherical electron 
multichannel analyzer operating with a non-monochromatic Mg Kα X-ray source. An Ar+ 
sputtering at 3 kV and a pressure of 2×10-6 Pa during 5 min was previously carried out in 
order to remove the surface contamination. 
 
2.3.1.10. X-ray absorption spectroscopy (XAS) 
While direct photoemission spectroscopy offers an experimental approach to the 
occupied electronic bands of a solid state, XANES (X-ray absorption near-edge 
spectroscopy) or NEXAFS (near-edge X-ray absorption fine structure) is a technique to 
characterize surfaces by evaluation of unoccupied electronic states.  Similarly to EELS, but 
with higher energy resolution. The experimental setup requires a monochromatically 
tuneable light source and an electron energy analyzer so that XANES measurements can be 
performed at each synchrotron radiation source of sufficient energy.  
X-ray absorption near edge structure (XANES) and extended X-ray absorption fine 
structure (EXAFS) measurements at the Ti K-edge were conducted at the KMC2 beamline at 
the electron storage ring BESSY in Berlin. The beamline is equipped with a double crystal 
SiGe (111) monochromator. The measurements were carried out in total fluorescence yield 
mode (TFY). Ti L2,3-edge XANES spectra were collected using the spherical grating 
monochromator beamline 11ID-1 at the Canadian Light Source, Saskatoon, Saskatchewan, 
Canada. This facility delivers approximately 2×1012  photons/s (when the stored electron 
beam is at 100mA) at the Ti L2,3-edge (455eV) with a resolving power (E/ΔE) greater than 
5000. Total fluorescence yield (FLY) data were recorded using a two-stage multichannel 
plate detector with the samples positioned approximately 80 degrees to the incident beam 
[48]. 
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2.3.1.11. X-ray diffraction (XRD) 
X-ray diffraction (XRD) was used to determine the crystalline structure and 
orientation of the films. The principle, illustrated in Fig. 2.12, consists of focusing a X-ray 
beam on the sample with an angle θ and measuring the angles of diffraction of the scattered 
beam. When Bragg's law (2.2) is verified, constructive interferences are formed and an 
intensity peak is measured.  
 
Fig. 2.12. The schematic diagram of the θ-2θ configuration for XRD measurements. 
 
In this work, the average crystallite size (D) value was calculated according to Scherrer's 
formula: 
                                    
2/1cos βθ
λ
⋅
⋅= KDp                                                     (2.5) 
where β is the integral breadth and K a constant which depends on the crystallites shape (0.9 
value is used in this work). Even if this method does not take into account the contribution of 
the strain, in the width of the XRD peak, it gives a good estimation of the crystallite size 
especially for small crystallite size. 
The penetration depth of X-rays is often found in the 10 -100 µm range. In most thin 
film investigations the thickness is substantially lower causing a large fraction of the 
diffractogram as measured in the symmetric θ/2θ configuration to stem from the substrate. 
Especially for the analysis of thin films X-ray diffraction techniques have been developed for 
which the primary beam enters the sample under very small angles of incidence. In its 
simplest variant this configuration is denoted by GIXRD that stands for grazing incidence x-
ray diffraction. The small entrance angle causes the path traveled by the X-rays to 
significantly increase and the structural information contained in the diffractogram to stem 
primarily from the thin film.  
Grazing incidence X-ray diffraction (GI-XRD) at θ = 1° was done on a Siemens 
D5000 diffractometer using monochromatic radiation (Cu Kα). For the WC/a-C coating, the 
diffractometer used a step of 0.05 and time per step of 25 seconds. For the TiBC/a-C coating 
the step used was 0.02 and the time per step was 10 seconds. The changes in crystal structure 
and phase composition upon heating were studied by using a high temperature chamber 
attached to a Phillips PW 3040/60 vertical goniometer with monochromatic Cu Kα in θ/2θ 
mode. The samples were heat treated from room temperature to 1100 ºC at the rate of 5 
ºC/min under vacuum of 0.1 Pa. 
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2.3.1.12. Raman spectroscopy 
Raman spectroscopy is one of the few methods where amorphous carbon structures 
may be identified and analysed. In Raman spectroscopy different peaks (or bands) 
correspond to different vibrational modes of atomic bonds. When it comes to amorphous 
carbon the main parameter used for classification is the ratio between sp2- and sp3-bonded 
carbon. Different ratios have different Raman spectra, and a method for determination of the 
ratio from spectra has been presented in detail in several publications by Ferrari et al. [49-
51]. Amorphous carbon (a-C) gives a rather distinctive Raman spectrum where the main 
feature is a broad band consisting of the so-called G- and D-bands, at about 1600 cm-1 and 
1300 cm-1, respectively. Both bands have their origin in vibrations of sp2-hybridised carbon-
carbon bonds. In addition two smaller bands are also visible around 700 cm-1 and 400 cm-1, 
the so-called L-bands. The analysis is centered on the D- and G-bands, which indirectly (via 
amount of disorder) indicates the sp2/sp3-ratio. Depending on the amount of disorder in the 
structure the ratio between the peak heights of the D- and G-bands (the so called ID/IG-ratio), 
and the position of the G-band will shift. This technique also provides information on other 
inorganic compounds. For example, it has been used for determining oxidation products 
induced by the friction conditions. 
Raman spectra measurements (200-2000 cm-1) were carried out in a LabRAM Horiba 
Jobin Yvon spectrometer equipped with a CCD (charge-coupled device) detector and a He-
Ne laser (532 nm) at 5 mW. All the samples were analyzed during 150 s of exposure time 
and an aperture hole of 100 μm. Continuous recording of the spectra allows the detection of 
any eventual laser-induced transformation. Nevertheless a filter was always employed during 
the measurements to reduce the total power by 4. The spectra displayed in the figures were 
subjected to neither normalisation nor background subtraction. Raman analysis post-
annealing at certain critical temperatures was carried out by examination of the same coated 
silicon peaces heated in the XRD high temperature stage. 
 
2.3.1.13. Spectroscopic ellipsometry (SE) 
Spectroscopic ellipsometry (SE) is a powerful, yet simple optical characterization 
method, which is especially well suited for the investigation of thin film systems and 
surfaces. It is based on the fact that the polarization state of a light beam is altered 
characteristically upon reflection at a surface, which can be related to the optical and 
electronic properties of the reflecting material. SE is a technique which can determine the 
dielectric function of a material by a straightforward procedure and has thus been widely 
used to characterize a large number of different materials ranging from solids to polymers 
and even biological systems. Furthermore, thin film systems can be non-destructively 
characterized in terms of film thicknesses or layer compositions.  
In the most common experimental configuration, linearly polarized light is incident 
on a surface. The resulting polarization of the reflected wave is in general elliptical, as shown 
in Fig. 2.13. Consider plane-polarized light incident on a plane surface as illustrated in Fig. 
2.13. The incident polarized light can be resolved into a component p, parallel to the plane of 
incidence and a component s, perpendicular to the plane of incidence. If the material that 
reflects the waves has zero absorption, then only the amplitude of the reflected wave is 
affected. Linearly polarized light is reflected as linearly polarized light. However, the two 
components experience different amplitudes and phase shifts upon reflection for absorbing 
materials and for multiple reflections in a thin layer between air and the substrate. The 
parallel component reflectance is always less than the vertical component for angles of 
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incidence other than 0º and 90º. The two equal at those two angles. The phase shift 
difference introduces an additional component polarized 90º to the incident beam, rendering 
the reflected light elliptically polarized. Projected onto a plane perpendicular to the reflected 
beam, the resultant electric field vector of the elliptically polarized light depicts an ellipse. 
The key property of polarized light for ellipsometry is the change of plane-polarized light 
into elliptically polarized light or elliptically polarized light into a plane-polarized light upon 
reflection. 
 
 
Fig. 2.13. Principle of ellipsometry. Linearly polarized light is reflected by a surface and the resulting 
polarization state, which is generally elliptical, is measured. 
. 
Light propagates as a fluctuation in electric and magnetic fields at right angles to the 
direction of propagation. The total electric field is made of the parallel component Ep and the 
vertical component Es. The parallel and perpendicular reflection coefficients (Rp and Rs): 
( )
)(incidentE
reflectedE
R
p
p
p =                                                         (2.6) 
( )
)(incidentE
reflectedER
s
s
s =                                                         (2.7)  
are not separately measurable. However, the complex reflection ratio ρ, defined in terms of 
the reflection coefficients Rp and Rs or the ellipsometry angles and is measurable. It is given 
by: 
( ) ΔΨ== i
s
p e
R
R
tanρ                                                     (2.8) 
Since ρ is the ratio of reflection coefficients, that is, the ratio of the intensities and the 
relative phase difference, it is not necessary to make absolute intensity and phase 
measurements. The ellipsometry angles Ψ (0≤Ψ≤90) and Δ (0≤Δ≤360) are the most 
commonly used variables in ellipsometry and are defined as: 
ρ1tan −=Ψ                                                          (2.9) 
sp Δ−Δ=Δ                                                      (2.10) 
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The angles Ψ and Δ (differential phase change) determine the differential changes in 
amplitude and phase, respectively, experienced upon reflection by the component vibrations 
of the electric field vector parallel and perpendicular to the plane of incidence. From these 
parameters, it is possible to obtain the value of the complex dielectric function, ε, by the 
expression of Azzam and Bashara [52]: 
⎥⎥⎦
⎤
⎢⎢⎣
⎡
⎟⎟⎠
⎞⎜⎜⎝
⎛
+
−+=
2
0
2
0
2
1
1tan1sin ρ
ρϕϕε                                              (2.11) 
The optical characteristics of a material can be deduced from its dielectric function. The 
complex frequency dependent dielectric function ε(ω) is related to the optical constant: n 
(refractive index) and k (extinction coefficient) through: 
ikn +=)(ωε                                                    (2.12)  
From the knowledge of both polarization states, the complex reflectance ratio ρ  can be 
calculated, which can be converted into a complex dielectric function: 
( ) ( ) ( )EiEE 21 εεε +=                                             (2.13) 
where E denotes the photon energy of the incident light and ε1 and ε2 the real and the 
imaginary part, respectively, of the dielectric function. SE is thus superior to conventional 
reflectance or transmission measurements, which have to rely on Kramers-Kronig analysis 
and extrapolation beyond the measured range in order to get both ε1 and ε2. 
In order to obtain the optical constants of the materials, the optical reflectivity and 
spectroscopic ellipsometry have been measured at room temperature. In this work, SE 
measurements were carried out on phase modulated ellipsometer (UVISEL, Jobin-Yvon) at 
an angle of incidence 70° for spectral range of 1.5-5.0 eV.  
 
2.3.1.14. Electrical resistivity 
The Van der Pauw method [53] allows measurements of the specific resistivity of a 
flat sample of arbitrary shape. A constant current (I12) flows between the contacts 1 and 2, in 
the sample (Fig. 2.14). This induces potential drop between contacts 3 and 4 (V34). The 
resistance R12,34 is defined as: 
12
34
34,12 I
VR =                                                     (2.14) 
The resistivity is given by 
 ⎟⎟⎠
⎞
⎜⎜⎝
⎛⋅⎟⎟⎠
⎞
⎜⎜⎝
⎛ +⋅=
34,12
41,2334,1241,23
22ln R
R
f
RRt
DC
πρ                            (2.15) 
where t is the film thickness and the function f represents a geometrical correction. It 
depends on the ratio R23,41/R12,34. 
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Fig. 2.14. Scheme of the four ohmic contacts on oxidized Si (SiO2/Si) substrate. 1, 2, 3, 4 are the 
contacts. 
The electrical resistivity and temperature dependence of the conductivity have been 
measured in a CTI-Cryogenics (Helix Technology Corporation) 8200 Compressor with a 
Cryodine model 22 refrigerator. The temperature controller was a LakeShore 333 
Autotuning. The current source was a Keithley 224 Programmable and the voltimeter was a 
Keithley 196 System DMM. The connection interchanger was a Keithley 705 Scanner. The 
temperature range varied between 300 and 10 K. 
 
2.3.1.15. Profilometry 
A diamond stylus in contact with a sample is moved laterally across its surface for a 
specified distance and specified contact force. A profilometer can measure small surface 
variations in vertical stylus displacement as a function of position. The height position of the 
diamond stylus generates an analog signal which is converted into a digital signal stored, 
analyzed and displayed.  
In order to measure the film thickness, a part of the substrate is masked during the 
deposition. A Mahr profilometer was used for the measurement of the height of the step from 
the bare substrate to the top of the deposited film. Also is used for measuring the wear track 
of the disk after a tribological test and for quantification of the stress of the coating. Both 
wear rate and stress measurements will be detailed in the part of tribological and mechanical 
properties.  
 
2.3.2. Mechanical properties 
2.3.2.1. Intrinsic mechanical stress 
Profilometry is adequate to measure the substrate bending due to mechanical stress of 
the film. This parameter is calculated from Stoney’s equation [54]: 
 
( ) ⎟⎟⎠
⎞−⎜⎝
⎛
⋅−⋅
⋅=
0
2 11
16 RRt
tY
s
ss
υσ
                                        (2.16) 
where σ is the intrinsic mechanical stress; Ys is the Young’s modulus of the substrate; ts is the 
substrate thickness; υs is the Poisson’s coefficient of the substrate; t is the coating thickness; 
R is the curvature radius of the film/substrate system, and R0 is the curvature radius of the 
1
3 
4
2
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substrate without film. From this, we can infer that tensile stress (concave) is positive, and 
that compressive stress (convex) is negative. Fig. 2.15 shows a scheme of a compressively-
stressed substrate. 
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RR             Compressive stress                     (2.17)   
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RR                    Tensile stress                        (2.18)   
 
 
 
 
 
Fig. 2.15. Lateral view of (a) a film/substrate without stress and (b) a compressively stressed one due 
to the deposited film. 
 
2.3.2.2. Hardness and effective Young modulus. Nanoindentation measurements 
Many techniques exist for measuring the hardness of the materials. Nanoindendation 
technique is the appropriate one for thin films. The small loads (0.001-0.2 N) used in this 
technique allow to measure the hardness down to a depth of 10% of the thickness. At this 
depth, the influence of the substrate on the hardness value is supposed to be negligible. Thus, 
the hardness measurement on a thin film (<1 μm) becomes possible. This kind of 
measurements provides hardness, Young´s modulus, and stiffness data throughout the whole 
indentation depth. The hardness, reduced Young’s modulus and elastic work were calculated 
from the load-unload displacement curves.  
For the WC/a-C nanocomposites, nanoindentation experiments were performed on 
coated M2 steel disks with a Nanoindenter II (Nano Instruments, Inc., Knoxville, TN) 
mechanical properties microprobe. All tests were performed at room temperature with a 
diamond Berkovich (three-sided pyramid) indenter tip. Each specimen was tested using the 
continuous stiffness measurement technique developed by Oliver and Pharr [55]. 
For the TiBC/a-C nanocomposites, the mechanical properties were measured on 
coated M2 steel disks with a Fischercope H100 dynamic microprobe instrument using 
conventional Vickers indenter at loads up to 10 mN. The test parameters were fixed to a 
initial load of 0.4 mN up to a maximum load of 10 mN in 40 load steps, with a time between 
two load steps of 0.5 s. 
 
R0
R
substrate
film 
a) b) 
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2.3.3. Tribological properties 
The complete tribological process in a contact in relative motion is very complex 
because it involves simultaneously friction, wear and deformation mechanisms at different 
scale levels and of different types. To achieve a holistic understanding of the complete 
tribological process taking place it is useful to analyze friction coefficient and wear 
mechanism. Friction coefficient and wear will be studied in detail in the next sections.  
 
2.3.3.1. Friction 
Friction is the resistance to the sliding of one solid body over another, as solid bodies 
are ordinarily understood in the macroscopic worlds, see Fig. 2. 16. 
 
Fig. 2.16. Diagram that illustrates the sliding of a free body over a surface. 
 
It is possible distinguish between two kinds of friction coefficient: static and dynamic 
friction coefficient. The static friction coefficient is when both bodies are in a stationary way. 
The dynamic friction coefficient is produced when there is a movement between then and it 
is the object to study in this work.  
 
I. History of the friction 
The first documentation related to a scientific approach of the phenomenon of friction 
was formulated by Leonardo da Vinci in the 15th century. His insights were unfortunately 
forgotten for years until the seventeenth century, when a French physicist, Guillaume 
Amontons, rediscovered da Vinci’s laws of friction by studying the friction force FF needed 
to slide a mass M across a flat surface. His first law predicts that the frictional force FF is 
directly proportional to the applied normal force FN. This law is also known as the 
Amontons’ friction law. The parameter of proportionality, μ, is called the coefficient of 
friction. Furthermore, he observed that friction does not depend on the apparent contact area. 
This leads to the second Amontons law: the tribological friction coefficient μ is independent 
of the contact area of the sliding surfaces and the loading force. This law means that the 
friction force experienced by a small block on a flat surface is the same as the friction of a 
large block with the same mass! Finally, one century later, the French physicist Charles 
Augustin de Coulomb completed the empirical Amontons laws by a third one stipulating that 
the friction is independent of the relative velocity v of the bodies once the sliding movement 
begins. These three laws might be summarized by the equation  
cte
F
F
N
F ==μ                                                       (2.19) 
where the constant is independent of the area of contact and the sliding velocity.  
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II. Roughness model 
From a theoretical point of view, there were some difficulties in explaining these 
laws. However, one starting point of explanation was based on geometrical aspects of the 
surface roughness of the bodies in contact. The description was as follows: the contact 
surface of the bodies sliding the one against the other one is made of numerous asperities. 
During the sliding process, each of the asperities has to "climb" the asperities of the other 
body in order that the body moves in the sliding direction (See Fig. 2.17).  
 
Fig. 2.17. Schematic representation of the asperities at the microscopic scale. When one rough body 
moves on the top of the other one, each of its asperities has to climb the asperities of the other body in 
order to move in the sliding direction. 
The force dFF,i needed to lift the ith asperity was given by: 
 
( )iiNiF dFdF αtan,, =                                                        (2.20) 
where dFN,i is the corresponding load and αi the maximum slope of the asperity junction. It 
results that for the whole area of contact, the friction force corresponds to the sum over all 
the asperities: 
( ) ( ) NiN
i
iiNF FFdFF ⋅>=<== ∑ μαα tantan,                           (2.21) 
where it was assumed that μ was equal to the average of the local slopes and that there was 
no correlation between tan (αi) and FN,i. In this model, the friction is explained in term of 
asperities mechanically locked against the normal load. No adhesion is considered and thus, 
it applies only to non adhering surfaces.  
 
III. Adhesive model 
At the end of the 18th century, this surface roughness model and the three laws of 
friction explained qualitatively and quantitatively the majority of rubbing surfaces. Then, in 
the case of adhering surfaces, the model was completed by adding a constant  
0FFadh ⋅= μ                                                    (2.22) 
[55] so that 
( ) NadhNF FFFFF μμ +=+⋅= 0                                   (2.23) 
by this way, Fadh was the part of the friction force accounting for the intermolecular adhesive 
forces at the interface and the coefficient of friction was defined in a general form as:   
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NF dFdF /=μ                                                       (2.24) 
From a theoretical point of view, these models were able to explain the static friction, 
i.e. the initial force needed to initiate the motion, but they fail in explaining the dynamic (or 
kinetic) friction, i.e. why it was necessary to maintain this initial force once the motion 
started in order to have the relative motion of the bodies. This fact was pointed out by Leslie 
in 1804 [56]. Effectively, the energy expended to climb an asperity should be recovered 
when falling down to the other side of the asperity, since the normal load is a conservative 
force. And thus, no energy is ever lost, and once the relative motion of sliding starts, it 
should continue indefinitely rather than having to be continually maintained with a 
supplementary driving force. To overcome this problem, mechanisms of energy dissipation 
had to be included into the model.  
 
IV. Bowden and Tabor model 
Another aspect on the friction phenomenology was brought up by Bowden and Tabor 
[57,58]. They found that the electrical conductivity at a metal-metal interface was 
proportional to the load pressing the two surfaces together. The results showed that in 
general, the surface contact occurred only locally at the top of the microscopic asperities of 
the surfaces, so that the real contact area was very small and almost independent of the 
measured apparent contact area. In that way, the friction force should be independent of the 
apparent area of contact, but not of the real area of contact. At this point, another problem 
arises from the theory of elastic deformation of Hertz. Effectively, it was usually assumed 
that the real area of contact was proportional to the normal force to the power two-thirds and 
not as a first power as figured by the proportionality found by Bowden and Tabor. However, 
their experiments showed also that the surface deformations were mainly plastic, which 
explains the energy losses during the friction process and the disagreements with the Hertz 
theory. According to these last elements, the friction between unlubricated surfaces arises on 
the one hand from Fadh, i.e. the adhesions occurring at the region of real area of contact and 
that have to be sheared during the sliding process, and on the other hand, from Fdef , i.e. the 
ploughing, grooving or cracking of one surface by the asperities on the other. The friction 
force was then written as: 
defdefadhF FAFFF +=+= τ                                      (2.25) 
where τ is the average shear strength of the junctions, i.e. the microscopic adhesions of the 
surfaces, and A is the real surface of contact. If we are strictly in an elastic domain, i.e. a 
reversible domain with no wear, the previous relation reduces to: 
AFF τ=                                                         (2.26) 
where A depends on the surface geometry and is directly related to the normal load.  
 
V. Mechanism of lubrication by thin solid films 
A hard substrate reduces both the area of contact and the penetration (the later 
minimizes plowing) while a soft film reduced the shear strength [57]. If the coating is 
relatively thin and it is deposited over a hard substrate, one can eliminate Fdef as a 
approximation and substituting equations (2.19) and (2.26): 
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PF
A
N
ττμ ==                                                      (2.27) 
where P is the medium pressure of contact. So, in elastic work conditions, the friction 
coefficient decreases with the load applied. This formula states that the friction coefficient 
depends independently on two terms: the shear strength and the pressure. 
The Bodwen-Tabor model of friction provides a good starting point for understanding 
how thin solid films can reduce friction [57]. As discussed, the frictional force can be 
expressed by the equation (2.27). To reduce friction, the shear strength, the area of contact 
and the plowing contribution must be minimized [58]. In order to reduce the FF it is 
necessarily to minimize the three term of the equation (2.25). Fig. 2.18 illustrates how this 
can be achieved for a tribosystem formed by a sphere-plane contact:  
 
 
Fig. 2.18. A schematic of the contact between two surfaces, illustrating how a thin soft film reduces 
friction. 
 
VI. Effect of load 
Although Amontons’ law (i.e., the friction coefficient is independent of load) holds 
for many combinations of materials [57], a load-dependent friction behavior is common for 
many solid lubricants such as polymers [59,60], and thin, inorganic coatings on hard 
substrates [61,62]. Under elastic contact conditions, the friction coefficient often decreases 
with increasing load. A model that has been used to explain this load dependence is the 
Hertzian contact model [60,62]. The friction coefficient is derived from Eq 2.27. The shear 
strength τ of solids at high pressures has been observed to have a pressure dependence [63] 
approximated by: 
Pαττ += 0                                                      (2.28) 
where α represents the pressure dependence of the shear strength. Putting Eq. (2.28) into Eq. 
( 2.27) gives the following expression for the friction coefficient: 
ατμ +=
P
0                                                        (2.29) 
 
Hard material Hard material Hard material 
Soft material Hard material Hard material 
A A A Thin film of 
soft material 
a) τ is small but A is large b) A is small but τ is large c) both A and τ are small 
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For non-conforming surfaces (i.e. concentrated contacts), the Hertzian pressure, P, 
for elastic contact varies as Ln, where n=1/3 for a circular contact and n=1/2 for a cylindrical 
(line) contact [64]. Thus, the friction coefficient under Hertzian contact varies as: 
nL−∝− 0)( ταμ                                                     (2.30)  
According to Hertzian theory [64,65], the friction coefficient, for smooth balls and 
flat substrates loaded below the elastic limit (typical of bearing design), depends on the three 
variables (elastic modulus, ball ratios and load) as: 
απτμ +⎟⎠
⎞⎜⎝
⎛= − 313
2
0 *4
3 L
E
R                                            (2.31)  
for all these equations, L is the load applied, R is the radius of the ball and E* is the 
combination of young modulus and the Poisson coefficient for both ball and plane in the 
form: 
plane
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The Hertz theory is very complex and here just the main equations for Pmax and P obtained 
for a sphere of radio R over a plane will be included. They will be used later in this thesis to 
estimate the maximum and average contact pressure in the studied tribosystems. The 
maximum pressure of contact is:  
( ) 31
2
2
max
*61
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
R
ELP π                                                (2.33) 
 and the medium pressure of contact is: 
 
( ) 31
2
2
max 9
*161
3
2
⎟⎟⎠
⎞
⎜⎜⎝
⎛==
R
ELPP π                                         (2.34) 
 
 
 
2.3.3.2. Wear 
Wear is the result of material removal by physical separation due to microfracture, by 
chemical dissolution, or by melting at the contact interface. Furthermore, there are several 
types of wear: adhesive, abrasive, fatigue, and corrosive. The dominant wear mode may 
change from one to another for reasons that include changes in the surface material 
properties and dynamic surface responses caused by frictional heating, chemical film 
formation and wear.  Wear mechanisms are described by considering complex changes 
during friction. In general, wear does not take place through a single wear mechanism, so 
understanding each wear mechanism in each mode of wear becomes important. 
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I. Wear types 
The following four wear modes are generally recognized as fundamental and major 
ones (Burwell 1957/58): adhesive, abrasive, fatigue and tribochemical (corrosive). 
Adhesive wear: If the contact interface between two surfaces under plastic contact has 
enough adhesive bonding strength to resist relative sliding, large plastic 
deformation caused by dislocation is introduced in the contact region under 
compression and shearing. As a result of such large deformation in the contact 
region, a crack is initiated and is propagated in the combined fracture mode of 
tensile and shearing. When the crack reaches the contact interface, a wear particle 
is formed and adhesive transfer is completed. This type of wear, which occurs 
when there is enough adhesive bonding at the contact interface, is called adhesive 
wear. In the adhesive wear process, transfer and retransfer from one surface to the 
mating surface take place in many cases. As a result, relatively large wear 
particles composed of two surfaces are formed.  
Abrasive wear: if the contact interface between two surfaces has interlocking of an 
inclined or curved contact, ploughing takes place in sliding. As a result of 
ploughing, a certain volume of surface material is removed and an abrasive 
groove is formed on the weaker surface. This type or wear is called abrasive 
wear. Here, we assume a single contact point model where a hard, sharp abrasive 
is indented against the flat surface and forms a groove on it by ploughing. When 
material has a ductile property, a ribbon-like, long wear particle is generated by 
the mechanism of microcutting. In this case of brittle material, however, a wear 
particle is generated by crack propagation.  
Fatigue wear: Bearing surfaces are subjected to fatigue failures as a result of repeated 
stressing caused by clearance size particles trapped by the two moving surfaces. 
At first, the surfaces are dented and cracking is initiated. These cracks spread 
after repeated stressing by the bearing load, even without additional particulate 
damage. Eventually the surface fails, producing a spall. When the number of 
contact cycles is high, the fatigue mechanism is expected to be the wear 
mechanism.  
Tribochemical (corrosive) wear: when sliding takes place, especially in corrosive liquids 
or gases, reaction products are formed on the surface mainly by chemical or 
electrochemical interactions. If these reaction products adhere strongly to the 
surface and behave like the bulk material, the wear mechanism should be almost 
the same as that of the bulk material. In many cases, however, such reaction 
products behave very differently from the bulk material. Therefore, wear is quite 
different from that of the bulk material, and is dominated by the reaction products 
formed by the interaction of solid materials with the corrosive environment. The 
tribochemical wear can be accelerated by corrosive media, thus, is called 
corrosive wear. In corrosive wear, tribochemical reaction produces a reaction 
layer on the surface. At the same time, such layer is removed by friction. 
Therefore, relative growth rate and removal rate determine the wear rate of the 
reaction layers and, as a result, of the bulk material. 
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II. Wear evaluation 
In general, wear is evaluated by the amount of volume lost and the state of the wear 
surface. The degree of wear is described by wear rate, specific wear rate, or wear coefficient.  
- Wear rate is defined as wear volume per unit distance.  
- Specific wear rate is defined as wear volume, V, per unit distance, D, and unit load (L).  
)()(
)( 3
mDNL
mmVK ×=
                                                (2.35) 
- Wear coefficient is defined as the product of specific wear rate and the hardness of the 
wearing material.  
In the literature data is commonly employed the term “wear rate”, which corresponds indeed 
for “specific wear rate”. Also, in this thesis we will use the common abbreviated form, as 
most of reported works, although it strictly corresponds to specific wear rate. 
 
2.2.3.3. Evaluation of friction coefficient and wear rate 
Tribometers determine the magnitude of friction of two surfaces rub together. There 
are many types of tribometer, as the four-ball tribometer, the classic pin-on-disk, cylinder-
on-disk. As example, a tribometer pin-on-disk is shown in Fig 2.19a. 
 
I. Friction coefficient 
In tribometry, a sphere, a pin or flat is loaded onto the test sample with a precisely 
known force. The sample is either rotating or reciprocating in a linear track. The pin is 
mounted on a stiff lever, designed as a frictionless force transducer (see Fig. 2.19b). The 
friction coefficient is determined during the test by measuring the deflection of the elastic 
arm. This simple method facilitates the study of friction behavior of almost every solid state 
material combination with or without lubricant. Furthermore, the control of the test 
parameters such as speed, frequency, contact pressure, time and environmental parameters 
(temperature, humidity and lubricant) allows simulation of the of the real life conditions of a 
practical wear situation. 
 
 
 
Fig. 2.19. (a) Photograph of a CSM tribometer and (b) draw of the inside part. 
b) a) 
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In the reciprocating mode a specially adapted block is mounted above a circular motor 
in such a way as to allow movement of the block in a direction perpendicular to the load arm. 
In this reciprocating mode the instrument measures a friction coefficient for both the forward 
and backward displacement of the stroke. The reciprocating technique is also very useful for 
studying the variation over time of the static coefficient of friction, as opposed to the 
dynamic coefficient measured with the classical rotating configuration.  
 
 
II. Wear ball (Kball)  
Normalized wear rates of the balls were evaluated after examination of the balls and 
calculation of the worn volume using the spherical cap equation. A spherical cap is the 
region of a sphere which lies above (or below) a given plane (see Fig. 2.20). Let the sphere 
have radius R, then the volume of a spherical cap of height h and base radius a is given by 
the equation of a spherical segment: 
( )223
6
hahVcap +⋅⋅
⋅= π                                                 (2.36) 
 
 
Fig. 2.20. Scheme of a spherical cap calculation. 
 
So, the Kball using the eq. 2.35 and substituting the volume for Vcap will be:  
)()(
)( 3
mDNL
mmV
K capball ×=
                                                   (2.37) 
 
III. Wear disk (Kdisk) 
Normalized wear rates were evaluated from cross-sectional profiles taken across the 
disk-track using stylus profilometry with the next procedure (Fig. 2.21). The worn area under 
the baseline is calculated by numerical integration. Depending on the configuration of the 
tribo-test, rotative or reciprocating mode, the procedure for the estimation of the worn 
volume is as follows (see Fig 2.22):  
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Fig. 2. 21. Representative cross-sectional profile showing the worn area. 
 
 
 
Fig. 2.22. Distribution of the profiles taken from the wear scar on the disk on (a) rotative and (b) 
reciprocating mode. 
 
For the rotative mode, the average worn area from 4 points situated at right angles is 
multiplied by the perimeter of circular track used for the estimation of the worn volume: 
rAreaVdisk ⋅⋅⋅= π2                                           (2.38) 
where r is the radius of the track. For the reciprocating mode, we use another equation: 
LAreaVdisk ⋅=                                                   (2.39) 
where L is the track length. As it was defined before in eq. 2.35:  
)()(
)( 3
mDNL
mmVKdisk ×=
                                             (2.40) 
In this thesis, Kdisk will be used to refer the wear rate of the disk used for testing NPs 
and Kfilm will be used to refer the film wear rate of the nanocomposite. 
 
2.2.3.4. Test conditions 
In this thesis a CSM tribometer pin-on-disk under two different configurations, 
rotative and reciprocating, have been used for the tribological study (see Fig. 2.19a). The test 
conditions varied depending on the studied tribo-system although ball diameter (6 mm) and 
ambient conditions (relative humidity 30-50%) were kept similar. The summary of the 
L 
r 
a) b) 
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remaining parameters of the friction tests for the different systems are listed in Table 2.5. 
The characteristics of the balls used for the tribological tests are displayed in Table 2.6. 
Besides, for the NP tests, the electrical resistance of the contact was monitored 
simultaneously in order to understand the tribological phenomena appearing at the contact. 
 
Table 2.5. Main parameters used in the tribological testing of the studied systems in this thesis. 
 
System Mode Ball-counterface 
Load 
(N) 
Lineal 
speed 
(cm/s) 
Sliding 
distance 
 (m) 
Pmax      
(GPa) 
Rotative 
52100 steel 
Al2O3 
Si3N4 
WC-Co 
1-20 
15 
15 
15 
10 5000 
0.66-1.88 
1.40 
1.81 
2.00 
Pd NPs 
Reciprocating 52100 steel 
5 
5 
15 
15 
0.1  
0.4 
0.1 
0.4 
18 
1.12 
1.62 
1.12  
1.62 
Au NPs Rotative 52100 steel 7 15 10 5000 
1.26 
1.62 
WC/a-C Rotative 52100 steel 5 10 1000 1.12 
TiBC/a-C Rotative 52100 steel WC-Co 
5 
1 
10 
10 
1000 
1000 
1.12 
0.81 
 
 
 
Table 2.6. Main characteristics of the balls used for the tribological tests. 
 
Material Kind Elemental/chemical composition (at.%) 
Hardness 
HV0.1 
(Kg/mm2) 
E 
(GPa) 
52100 
steel Alloy 
Fe: 97, Cr: 1.45, C: 1.1, Mn: 0.35,  
Si: 0.230, P≤ 0.025, S≤ 0.025. 580 ± 50 210 
WC-Co Ceramic-metallic (cermet) WC: 94%, Co: 6%. 1929 ± 33 365 
Al2O3 Ceramic Al2O3+SiO2 ≥99%,  Fe2O3 <1%. 2055 ± 82 580 
Si3N4 Ceramic 
Chemical composition: 
-  Si3N4 > 99%. 
1676 ± 79 307 
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Chapter 3 
Metallic nanoparticles as lubricant additives 
 
 
This chapter is divided into two main blocks. First, it is investigated comparatively the friction 
and anti-wear characteristics of Pd and Au nanoparticles of ∼ 2 nm size covered by a surfactant shell 
layer as additive for lubricant oils. The nanoparticles have been characterized by TEM and ICP 
elemental chemical analysis. The wear mechanism is investigated by means of different 
characterization techniques as SEM, TEM and EDX, and also by measuring the electrical resistance of 
the contact. Second, it is shown a deep study of the influence of experimental parameters on the 
tribological behavior of Pd NPs; load, counterface, tribo-motion and NP concentration have been 
checked. Finally, to sum up the conclusions for both parts are given.  
 
3.1. Introduction 
The use of particulate solid lubricants is known to improve the tribological 
performance of lubricant oils providing anti-wear and extreme pressure properties [1-3]. 
Under severe contact conditions both fluids and greases are squeezed out from the contact 
area and consequently do not provide adequate lubricant conditions. The addition of 
nanoparticles (NPs) increments the load-bearing capacity of the lubricant preserving the 
mating surfaces to be in direct contact and therefore enhancing the wear resistance [4-6]. 
Besides the well-known solid-lubricants MoS2 and graphite, with graphite-like lamellar 
structure, during the last decade a lot of research has been directed to synthesize novel and 
smaller inorganic nanoparticles with special control of microstructure and composition as a 
component for liquid lubricants. Some of the recent works deal with metals: Cu [7-9], Mo 
[10], Ni [11]; oxides: TiO2 [12], SiO2 [13], ZrO2, ZnO [14], Al2O3 [15]; chalcogenides: WS2 
[16], MoS2 [17], CuS [18]; and carbon-based compounds (fullerene-like [19,20], nano-
diamond [12], CNT’s [21]).  
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The NPs are inherently unstables (especially naked nanoclusters) and tend 
spontaneously to coalesce or aggregate, which eventually leads to the precipitation. 
Moreover, the base oils are typically of hydrocarbon nature that makes their dispersion or 
dissolution in lubricant oils difficult. In the last few years much interest has been devoted to 
the development of organic-inorganic nanoparticles as general strategy to overcome both 
drawbacks. Capping NPs is usually done with organic molecules possessing a polar group (to 
chemically adsorb onto the inorganic core) and a long alkyl chain (enabling the inorganic 
nanoparticles soluble in organic media). The resulting core-shell nanoparticles are kinds of 
composite materials with adjustable surface properties to expand their potential application 
fields [22]. 
Focusing on the use of noble metals, like gold, silver and even palladium, they have 
been currently employed to reinforce polymers or composites coatings with the aim of 
improving mechanical, tribological and thermal stability properties [23-25]. The noble 
character of these metals makes them very suitable for preventing corrosion or reaction of 
the surfaces in contact [26]. This property qualifies them as good candidates for lubrication 
of electrical contacts where a sharp increase of the contact resistance results in a fault of the 
electronic device [27]. This protection mechanism lasts as long as the substrate is not 
reached. The refilling with noble nanoparticles can be an interesting approach to supplement 
or substitute this protective action. 
In a previous investigation carried out in our group [28,29] it was demonstrated the 
remarkable capabilities of Pd NPs as lubricant additive allowing a simultaneous decrease of 
the electrical resistance of the contact in comparison with the initial value measured for the 
base oil alone. In this chapter, it is investigated comparatively the friction and anti-wear 
characteristics of Pd and Au nanoparticles of ~2 nm size covered by a surfactant shell layer 
as additive for lubricant oils. The electrical resistance of the contact is monitored 
simultaneously in order to understand the tribological phenomena appearing at the contact 
and evaluate their potential application to protect electrical contacts. In the first subchapter, 
the wear mechanism is investigated by means of scanning electron microscopy (SEM) and 
energy dispersive X-ray analysis (EDX) of the worn surfaces and transmission electron 
microscopy (TEM) observation of the particles at the end of the tests. The second subchapter 
is devoted to an exhaustive study of the influence of experimental parameters on the 
tribological behaviour of Pd NPs. Specifically, the influence of the load applied to the tests, 
the concentration of NPs in the lubricant base, the influence of the counterfaces and the 
behaviour in reciprocating mode are investigated. 
 
3.2. Pd and Au NPs characterization 
The metallic nanoparticles were synthesized via chemical reduction in the presence of 
organic surfactants (thiol or alkylammonium chains). A detailed description of the NPs 
synthesis can be found in Chapter 2. Here in this section 3.2 we focus on the microstructural 
and chemical characterization of the noble metal NPs. 
 
3.2.1. TEM characterization 
Fig 3.1 shows representative images of the palladium and gold nanoparticles obtained 
by TEM together with its corresponding selected area electron diffraction (SAED) and 
particle size histogram. The particle size distribution appears rather homogeneous with a 
mean particle size of around 2 nm for both cases. For the nanoparticles (Fig 3.1a and c), the 
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electron diffraction pattern is composed of broad and diffuse diffraction rings according to 
the nanocrystalline character of the sample. In the case of the Pd NPs, the brightest one with 
d-spacing of 2.24 Å can be assigned to the Pd (111) planes. The second and third rings with 
distances of 1.94 and 1.37 Å are in agreement with the expected values of Pd (200) and Pd 
(220) planes. For the Au NPs, the diffraction rings are associated to the (111) plane at 2.35 
Å, (200) plane at 2.03 Å and (220) plane at 1.44 Å. No evidences for palladium and gold 
oxidation produced during synthesis were found. 
 
Fig. 3.1. Morphological characterization of the initial Pd (a) and Au (c) NPs by TEM/SAED and 
corresponding particle size histogram (b and d, respectively). 
 
3.2.2. Chemical composition of the NPs 
In Table 3.1 the chemical compositions of the two samples are summarized as 
determined by ICP (metallic content) and elemental chemical analysis (C, H, N or S). A 
lower metallic content and a higher ratio between hydrocarbon coverage and metal core are 
noticed for the Pd nanoparticles. It has been shown previously that the stabilization of the 
nanoparticles by alkanethiol chains (Au NPs) is promoted by the formation of Au-S covalent 
bonds while in the case of alkylammonium molecules (Pd NPs) the metal capping is done by 
Van der Waals forces. A multilayered arrangement of dipole molecules around the Pd 
nanoparticles is expected whilst a shell of alkanethiol chains are directly linked to the gold 
surface [30-32]. This is the likely the reason for the excess of surfactant in respect to the 
metal content in the case of the Pd nanoparticles.  
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Table 3.1. Elemental chemical composition of the surface-stabilized metallic nanoparticles. 
 
Elemental chemical composition (wt.%) 
Sample 
Metal C H N S 
Pd NPs 10 58.8 11.0 5.47 - 
Au NPs 50 24.3 4.4 - 4.1 
 
3.3. Tribological properties of Pd and Au NPs 
For the tribological study, nanoparticles were mixed with two different lubricant 
bases at 5 wt.%:  
- (i) Pure surfactant (TBA) using THF as solvent.  
- (ii) Paraffin (PAR) using toluene as solvent. 
So, the lubricant formulations will be called hereafter as Pd-TBA, Pd-PAR, Au-TBA or Au-
PAR, attending to the type of metallic NP and base lubricant used for their dispersion.  
 
3.3.1. Base lubricant influence 
The influence of the lubricant base type was tested a pin-on-disk tribometer at 7 N of 
applied load and a sliding distance of 5 km and 10 cm/s of linear speed. Friction tests were 
run in a pin-on-disk tribometer in ambient air at a relative humidity between 40 and 50%. 
The counterfaces were mirror-polished AISI M2 steel disks and AISI 52100 steel balls (6 
mm in diameter). Under these conditions the maximum contact Hertzian pressure was 
estimated in 1.26 GPa. The electrical resistance of the contact (Rc) was simultaneously 
measured during the friction test. 
 
3.3.1.1. Friction coefficient and contact electrical resistance 
Fig. 3.2 shows the evolution of the friction coefficient and the electrical resistance of 
the contact versus the sliding distance for each type of solution; Pd-PAR (a), Pd-TBA (b), 
Au-PAR (c) and Au-TBA (d). The results obtained for the lubricant bases alone, PAR (e) and 
TBA (f), are also included for comparison purposes. The left part of the Fig. 3.2 corresponds 
to the tests carried out in PAR while the right column depicts the results with TBA.  
Concerning the tests carried out in PAR, it can be seen how the friction coefficient 
reaches a steady value situated around 0.08 independently of the presence and type of NPs. 
In the case of the tests in TBA there are more differences among the friction curves. The test 
carried out with Pd NPs showed a very stable friction coefficient with a value around 0.07. 
The mean friction coefficient for the Au-TBA exhibited a pronounced increase up to 0.13 in 
the running-in period and then stabilized in 0.04. In the case of the tetraalkylammonium salt 
alone the friction coefficient is fluctuating between 0.01 and 0.04.  
Studying the electrical resistance we can observe different behaviors after addition of 
the Pd NPs. While in the case of the pure base oils the resistance is changing in the range of 
20-40 kΩ (TBA) and 60-70 kΩ (PAR), the addition of the Pd NPs reduces its value to 
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around 100-500 Ω, in the limit of detection of the apparatus (see the insets in Fig. 3.2a and b 
for a closer view). However, as can be seen in Fig. 2c and 2d, the Au NPs apparently do not 
modify the friction and electrical resistance of the contact as compared to the base oil alone.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.2. Friction coefficient (μ) and contact electrical resistance (Rc) behavior for two different 
lubricant compositions at 5 wt.%: (a) Pd-PAR, (b) Pd-TBA, (c) Au-PAR and (d) Au-TBA. The friction 
tests carried out with the base lubricant used for the dispersion of the nanoparticles, PAR (e) and TBA 
(f), are included for their comparison. 
 
To sum up, concerning the friction coefficient, all the different lubricant compositions 
behave fairly similar with a low and stable average values (μ<0.1), except for the TBA. The 
electrical resistance of the contact remains sufficiently low just in the case of Pd NPs (100-
200 Ω) and represents a reduction of the electrical resistance of the solution of 97-99.5%. 
These resistance values are in the same order of magnitude of those protective coatings made 
of noble metals as silver or gold employed for the protection of electrical contacts [33].  
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3.3.1.2. Wear analysis and transfer film formation 
In order to evaluate the load bearing capabilities of the metallic nanoparticles an 
insight of the ball counterfaces at the end of the tests was accomplished by SEM analysis. 
Fig. 3.3 summarizes the SEM micrographs taken from the ball surfaces for the studied cases 
and the values of friction coefficient, electrical resistance and the wear rate for the ball 
(Kball). Again, the left part indicates the PAR-based tests and the right one the TBA-based;  
Pd-PAR (a), Pd-TBA (b), Au-PAR (c), Au-TBA (d), PAR (e) and TBA (f).  
 
 PAR TBA 
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 N
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μ ∼ 0.077 
Rc < 1 kΩ 
Kball ≤ 3×10-10 mm3/Nm 
 
μ ∼ 0.070 
Rc < 1 kΩ 
Kball ≤ 1×10-10 mm3/Nm 
A
u 
N
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μ ∼ 0.085 
Rc ∼10-50 kΩ 
Kball = 3.1×10-10 mm3/Nm 
 
μ ∼0.038 
Rc ∼10-40 kΩ 
Kball = 7.80×10-9 mm3/Nm 
Ba
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μ ∼ 0.07 
Rc ∼ 20-90 kΩ 
Kball = 6.2×10-9 mm3/Nm 
 
μ ∼ 0.018 
Rc ∼ 32.2 kΩ 
Kball = 1.9×10-8 mm3/Nm 
 
Fig. 3.3. SEM observations of the ball scars and tribological results for the two types of nanoparticle 
dispersions: Pd-PAR (a), Pd-TBA (b), Au-PAR (c), Au-TBA (d), PAR (e) and TBA (f). 
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The first conclusion that can be extracted from the observation of the pictures is the 
formation of a transfer film (TF) onto the ball surface when the Pd NPs are used as lubricant 
additives against a remarkable ball wear in the case of base oils alone. This agglomerated 
material acts as a protective layer of the surfaces avoiding direct contact between the 
asperities. For Au NPs, a transfer film was just observed in the case of Au-PAR. At first 
view the TF layer appears thicker and more homogeneous in the case of Pd than Au-PAR. 
Thus, it seems that it is easier to form transfer film by Pd than Au NPs.  
The formation of a transfer layer onto the ball counterface is a well-known 
phenomenon observed in solid lubricants as MoS2, diamond-like carbon (DLC) and CNx 
coatings [34-37] and has also been reported in experiments with nanoparticles as lubricant 
additives [6,11,13]. This “third body” material can accommodate relative motion at the 
interface of two steels through interfacial sliding and by deformation process. They also 
extend life time of sliding surfaces by replenishing of the wear tracks with slippery material.  
Besides, in order to compare the performance of the synthetic NP formulation, a 
similar test was carried out with a commercial car oil (20W-50). The tribological results are 
presented in Fig. 3.4. Compared with the commercial car oil, the friction coefficient and ball 
wear scar for the lubricant made with the Pd nanoparticles and Au-PAR result comparable or 
even better as can be inferred from Fig. 3.4. The friction coefficient of this car oil lubricant is 
of the same order of our tribo-systems (μ∼0.08). The wear of the ball is really small, in the 
order of 100 μm of diameter, comparable to our systems even though a TF is not formed 
(Kball=1.2 ×10-10 mm3/Nm). Nevertheless, a big electrical resistance is found (Rc ∼ 70 kΩ), 
probably due to the not formation of a metallic TF.  
 
 
Fig. 3.4. Friction coefficient and electrical resistance (a) and wear scar of the ball (b) for a car oil 
lubricant 20W-50. 
 
The wear rate for the balls in the nanoparticle-based lubricant systems, when a 
transfer film is formed, are estimated to be lower than 3-4×10-10 mm3/Nm (wear calculated 
assuming worn scar as the area covered by particles) while in the case of the base lubricants 
alone these rates are ten times higher and surfaces appear clearly worn. Moreover, these 
values overcome the performance of solid lubricant nanoparticles as fullerene-like WS2 or 
MoS2 whose wear rates were reported in 10-8-10-9 mm3/Nm [3,38]. It is also worth 
mentioning that in this work the tribological tests were carried out without refilling with 
fresh NP dispersion. Values of ball and disk wear rates will be discussed together in next 
section 3.3.2. of this chapter. 
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In summary, concerning the choice of the base lubricant it is found that the best 
performance is attained by mixing the Pd NPs with TBA and Au with PAR. This is 
connected with a better NP dispersion and stabilization in the final solution. These two 
formulations are the choice for further tribological analysis in the next sections. 
 
3.3.2. Load influence 
The tribological characterization was completed by repeating the tests at higher 
loads (15 N) for the best tribo-couples: Pd-TBA and Au-PAR, in order to compare both 
different TF. At 7 N the maximum contact Hertzian pressure was 1.26 GPa, while for the 
load of 15 N the maximum pressure contact can reach 1.62 GPa. Fig. 3.5 shows the friction 
coefficient and the electrical resistance at 15N for Pd-TBA (a) and Au-PAR (b) together with 
their respective TFs.  Again for the Pd-TBA test a transfer film was formed in the ball and 
the electrical resistance fixed almost in 0.1 kΩ and a friction coefficient about 0.06. For the 
Au it is possible to see a friction coefficient of 0.10 and a increase of the electrical resistance 
with the sliding distance similar to the obtained for the test under 7 N. In the optical 
micrographs from the ball surfaces, it can be seen again how the Pd TF appears better 
defined compared with the Au TF. Both TF are very brilliant and shining, but Pd appears 
thicker.  
 
 
 
Fig. 3.5. Friction coefficient and electrical resistance (a and c) and ball wear optical micrograph (b 
and d) for Pd-TBA and Au-PAR, respectively, at 15 N of applied load. 
100 
b
100 
d
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Fig. 3.6 shows a comparative analysis of both types of nanoparticles as a function of 
the load and base employed. The diagram is divided into two parts (7 and 15 N) to make 
easier the interpretation of the results. With regard to the friction coefficient, it is always 
observed a slight increase when the NPs are added to the base, both for 7 and 15 N. In spite 
of the increment of the friction coefficient the values are always lower than 0.1. In respect to 
the disk wear rate, a slight increase of the wear is observed with the addition of the NPs, in 
good agreement with the friction coefficient increase. The biggest changes are nevertheless 
observed in the ball wear rate. Thus, it can be noticed that in both cases the ball wear rates 
are much improved with the addition of NPs in spite of the noticeable increment of the 
applied load. The wear rates with the NPs decrease below 3×10-10 mm3/Nm and the friction 
coefficient are retained in the range of 0.1 or lower for the entire duration of the test. These 
results highlight these nanometric metallic particles as excellent materials for their use as 
anti-wear (AW) additives in extreme-pressure (EP) conditions. 
 
 
Fig. 3.6 Comparative chart of the tribological properties (ball and disk wear rate and friction 
coefficient) for the two nanoparticles systems under 7 and 15 N of applied load. Lubricant bases are 
also included for comparison purposes. 
 
3.3.3. Elucidation of the friction mechanism 
In order to understand the tribological behavior performed by the different lubricant 
formulation a detailed post-test analysis was carried out onto the worn materials (surfaces 
and particles). 
 
3.3.3.1. Chemical analysis by EDX 
Firstly, to determine the chemical nature of this transfer layer an EDX analysis was 
carried out on both ball counterfaces (see Fig. 3.7). As expected, these adhered materials are 
constituted by agglomerated Pd and Au nanoparticles although this layer is thicker in the 
former case as can be inferred from the absence of the Fe peak originated by the steel ball 
underneath. No clear signs of oxidation are detected as the presence of oxygen signal is 
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hardly visible. Consequently, the increased adhered palladium deposit in the contact could be 
at the origin of the lower electrical resistance found in this case. 
 
 
Fig. 3.7. SEM micrographs showing the adhered material onto the ball surface for Pd (a) and Au (c) 
nanoparticles and corresponding EDX analysis (b and d, respectively). 
 
The EDX analysis performed in the wear track on disk also reveals the 
replenishment of the groves by palladium and gold nanoparticles (Fig. 3.8).  
 
 
 
Fig. 3.8. SEM micrographs showing the replenishment of the grooves on disk for Pd (a) and Au (c) 
nanoparticles and corresponding EDX analysis (b and d, respectively). 
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The nanoparticles when they are trapped in the contact, stick to the counterfaces, form a 
protective layer onto the ball surface, and heal the wear tracks on the disk. By this way, the 
nanoparticles help to accommodate the sliding motion, increase the load capacity, and 
decrease the shear strength and wear rate. Nevertheless, a higher relative intensity Pd/Fe in 
respect to Au/Fe is observed in agreement with previous results. 
 
3.3.3.2. TEM analysis of the NPs 
The microscopic analysis of the particles present in the solution at the end of the tests 
reveals the superior resistance to mechanical deformation and chemical reaction. Fig. 3.9a 
and b show two pictures of the Pd nanoparticles after testing. It can be seen that the majority 
of the particles retain the nanometric size and spherical shape although they tend to form 
agglomerates. Also, certain alignment of the particles is sometimes observed as a 
consequence of their transit through the contact (see Fig. 3.9b). A possible explanation for 
the formation of this particular “fiber-like” morphology could be that the particles under such 
a high contact pressure (superior to 1 GPa) and in relative motion could be oriented in the 
sliding direction decreasing the resistance to flow. Some authors have suggested that the 
spherical shape and small size would allow them to act as microscopic ball bearings [17,39]. 
This represents an important benefit in comparison to fluids and greases, which under harsh 
contact conditions are squeezed out from the contact area and consequently do not provide 
adequate lubrication conditions. For the Au NPs (Fig. 3.9c and d) these aligned structures 
were not found but some bigger crystalline particles (20-50 nm) originated by detachment of 
the capping layer and friction-induced growth. 
 
3.3.4. Discussion of friction/wear mechanism 
In summary, the excellent anti-wear properties can be explained by the presence of 
the nanoparticles as lubricant additive. The formation of a transfer film onto the ball surface 
decreases the shear strength across the interface, accommodates the load, and protects the 
surface to slide directly on the counterface. Furthermore, if the formation and wearing off of 
the tribo-films comes into balance, there is no mass loss of the tribopairs preventing their 
wear. Obviously, the control of this film build-up and growth will depend on the 
characteristic of each particular tribological system and would require further optimization 
depending on the selected application. Moreover, the presence of this metal-like layer 
together to the metallic nature of the particle can provide the lubricant composition with 
electrical conductivity although the practical performance of the two types of metallic 
nanoparticles was different.  
The explanation behind this fact is still not clear but it is likely to be connected to the 
feasibility of the transfer film formation by the capped-nanoparticle. Considering the similar 
particle size for both types of nanoparticles the possible reasons have to be found in the 
differences in the elemental chemical composition and the bonding nature between the 
capping layer and the metallic core. The capping layer formed by surfactants of the 
quaternary ammonium cation (R4N+X-) type is dynamic where the ligands are exchanging 
permanently and the nature of the bond is just electrostatic forces by dipole molecules. In the 
gold nanoparticles the covalent-bonded alkanethiol chains would make the detachment and 
subsequent formation of a gold deposit layer more difficult.  
Another possible cause is the highest ratio of carbon-to-metal in the Pd nanoparticles 
(cf. Table 3.1). The higher presence of a carbon in the cover layer can help in a first stage to 
Chapter 3 
 
 
 
Nanostructured lubricant systems for tribological applications 70
the adsorption of the surface-capped Pd nanoparticles to the steel surface. As mentioned 
earlier, the formation of a carbonaceous transfer layer onto steel ball surface has very often 
been observed in DLC and carbon-based coatings by the strong affinity of carbon by iron 
surfaces. The increment in thickness for the Pd implies that the adhesion of new material is 
favored while in the case of gold the transferred layer does not grow easily. This is 
confirmed by the examination of the EDX spectra of both transfer films (see Figs. 3.7b and 
d) where the amount of C in respect to metal is superior in the case of Pd indicating a 
mixture of both elements in the transferred material. 
 
 
 
 
Fig. 3.9. TEM analysis carried out on the lubricant dispersion at the end of the test at two different 
magnifications for the case of Pd (a, b) and Au NPs (c,d). 
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3.4. Influence of testing conditions on Pd NPs 
In order to check the potentialities of the metallic NPs for practical uses, a prospective 
analysis was done with the optimum formulation (i.e. Pd-TBA) under different experimental 
parameters (load, counterface, tribo-motion) including the optimization of the NP 
concentration in the solution. As mentioned earlier, the lubricant formulation made with Pd 
NPs originated a substantial decrease of the electrical resistance of the contact making 
suitable its application for small connectors and microelectronics devices [29]. The origin of 
such behaviour was attributed to the formation of a homogeneous metal-like layer rich in Pd 
onto the counterfaces when the particles are trapped in their transit through the contact.  
A low concentration of NP is sufficient to improve tribological properties. Qiu et al. 
[11] found that the concentration of Ni nanoparticles between 0.2 and 0.5% provides the best 
anti-wear behavior and friction reduction. Tao et al. [40] demonstrated that 1% is considered 
the optimum concentration for the diamond nanoparticles in paraffin oil. It should be noted 
that in our case a Pd NP solution 5 wt.% corresponds to 0.5 wt.% expressed in terms of 
metallic Pd content (taking into account the chemical composition given in Table 1). 
For some particular applications reciprocating motion is required. Reciprocating 
mode is quite different to the rotative mode. Friction forces are produced for the forward and 
backward movements of the stroke. This reciprocating mode can be particularly useful in 
applications where linear sliding is a better simulation of true in-service conditions than 
conventional circular motion.  
Commonly used lubricating greases and additives are developed on the basis of their 
interaction with metals. Thus, the mechanism of interaction between metals (especially iron) 
and additives is well understood. For the ceramic tribosystems, however, basic knowledge of 
the lubricity of the lubricating greases and additives as well as interaction mechanism of 
ceramic with additives is still lacking. 
 
3.4.1. Influence of the load 
The test conditions were the same than in 3.4.1 but different loads were applied, from 
1 to 20 N. Under these conditions the maximum contact Hertzian pressure are estimated to 
vary between 0.66 and 1.88 GPa, for the lowest and the highest load, respectively. 
In Fig. 3.10 it is shown the ball and disk wear rates and the friction coefficient 
measured for the different tests. Friction coefficient does not seem to be very influenced by 
the load and it is always close to 0.08 and below 0.1. The ball wear rates are found in the 
range of 2 to 9×10-10 mm3/Nm although it shows a marked trend to decrease as the applied 
load increases. The disk wear rates manifest also a similar trend although their values are 
always an order of magnitude higher (between 2 and 9×10-9 mm3/Nm). The ball wear rate 
without NP addition was found in 6×10-9 and 7×10-9 mm3/Nm under 7 and 15 N respectively. 
All these results are in good agreement with the potentialities as AW and EP additives of 
these Pd NPs.  
Fig. 3.11 shows the TFs formed at four different normal loads. These results point out 
to a protection of the ball counterface by the formation of a TF. At 1 N the TF is not well 
formed, indicating that it is necessary a minimum load to form the TF. When the shearing is 
strong, the nanoparticles’ core/shell structure may be destroyed, leaving naked the metallic 
core. This inorganic core may be melted and welded on the shearing surface, or attached on 
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the surface, or reacted with specimen to form a protective layer thus providing good anti-
wear properties. 
 
 
 
Fig. 3. 10. Ball and disk wear rate and friction coefficient for the test as a function of the different load 
applied. 
 
 
 
Fig. 3.11. Optical micrographs of the ball scars for the tests carried out at: a) 1 N, b) 3 N, c) 10 N and 
d) 20 N. 
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The electrical resistance of the contact under different loads has also been studied. In 
Fig. 3.12 it is shown the friction coefficient and electrical resistance curves for three 
representative loads of the studied range (1, 15 and 20 N).  
 
 
 
Fig. 3.12. Friction coefficient and electrical resistance at different loads: 1 (a), 15  (b) and 20 N (c). 
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In all the cases the values remain low, around 0.5-1 kΩ, however there are some 
particularities. For the test under 1N the decrease does not occur until 1000 meters of 
running. It can be interpreted how at low loads it is necessary to slide a certain distance to 
promote a sufficient TF onto the ball. In the case of the 15 N, the formation of the TF 
appears more immediate and it is hardly observed a transition period. At 20 N a transition 
period is neither observed in the electrical resistance nevertheless there are more fluctuations 
(see inset). Under these high-pressure conditions, in spite of growing a good TF, the 
asperities are much in close contact and the supply of new NP to the contact region is more 
hindered.  
 
3.4.2. Influence of the NPs concentration 
The NPs have been dissolved in the TBA lubricant base in different concentrations, 
from 1 to 10 wt.%. The test conditions were the same than in part 3.4.1 but at 15 N of 
applied load. Under this condition the maximum contact Herztian pressure is estimated to be 
1.62 GPa. Fig 3.13 shows the ball and disk wear rates and friction coefficient of various 
lubricant formulations containing Pd NP at different wt. concentrations. In TBA the friction 
coefficient increases from 0.04 to 0.09 with the NP concentration. When the concentration is 
between 2 and 7 wt.% the friction coefficient remains almost constant in a value of 0.07. The 
general trend of the NP, observed in previous section, is to increase slightly the friction 
coefficient, but always lower than 0.1.  
 
Fig. 3.13. Wear disk, wear ball and friction coefficient for the different NP concentrations. 
 
About the wear values of the counterfaces, it is important to distinguish between the 
ball and the disk, because the behavior is different as a function of the NP concentration. The 
ball wear rate varies between 7×10-9 and 4×10-10 mm3/Nm. The ball wear rates almost do not 
change in the range from 2 to 6 wt.% presenting values of ∼ 5 ×10-10 mm3/Nm. This 
represents an improvement of nearly one order of magnitude in respect to the value 
demonstrated without NP (7×10-9 mm3/Nm).  
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Concerning the disk wear rate values the changes are more noticeable. A plateau 
between 2 and 4% is found. These concentrations are the optimum for this tribosystem. A 
high concentration of NP in the solution is better for forming the TF (and therefore higher 
counterface protection) but this NP brings as side-effect a increased wear of the disk.  
Some TFs of different Pd NP concentrations are shown in Fig. 3.14. At first glance it 
can be noticed the difference of the scale for the Fig. 3.14a in respect to the others. This ball 
scar corresponds to the test without NP. For the test without NP, a relatively rough surface 
with some clear surface damage is found in the ball. The addition of NPs always improves 
the wear rate of the ball. It seems that 1 wt.% is not enough concentration to build up a 
homogeneous TF. From 2 wt.% the adhesion of NP to the ball surface is observed (Fig. 
3.14c). The addition of bigger quantities of NPs ensures the formation of this TF and, 
moreover, it will be thicker like is possible to see in Fig. 3.14d, although very high 
concentrations give rise to higher wear 
 
 
 
Fig. 3.14. Optical micrographs of the wear scar with different NP concentrations: a) 0, b) 1, c) 2 and 
d) 10 wt.%. 
 
The electrical resistances of these tests have also been studied. In Fig. 3.15 it is 
possible to see how the Rc is relatively low for all the tests in spite of the different 
concentrations, at 1, 2 and 10 wt.%, around 0.5-1 kΩ. By increasing the NP concentration the 
electrical resistance reaches faster the steady-state and these values are lower and more 
stable. However, at 10 wt.% the friction coefficient begins to fluctuate, probably due to 
higher quantity of NPs that disturb the easy shear of the interface in their transit through the 
contact..  
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Fig. 3.15. Friction coefficient and electrical resistance at different NP concentrations: 1 wt.% (a), 2 
wt.% (b) and 10 wt.% (c). 
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3.4.3. Reciprocating mode 
This section describes the tribological behavior of the Pd NPs under linear 
reciprocating motion. This option can be particularly useful in applications where linear 
sliding is a better simulation of true in-service conditions than conventional circular motion. 
The tests were running during 3000 cycles over a track length of 3 mm, which correspond to 
a distance of 18 meters. The test parameters like linear speed and load were varied. The 
counterfaces were mirror-polished AISI M2 steel disks and 52100 steel balls (6 mm in 
diameter). Three types of solutions have been tested; (i) TBA lubricant base, (ii) Pd NPs 
dissolved in the TBA lubricant base with a concentrations of the 5 wt.% and (ii) Pd NPs 
directly, in absence of lubricant base (slurry in THF that evaporates). This would correspond 
to a dry lubrication test similarly to solid lubricant films.  
Different linear speed and load conditions were tried for the three types of solutions. 
The linear speed of the rider was set at 1 and 4 mm/s. Whilst, the applied load was 5 and 15 
N, which corresponds to a maximum contact Hertzian pressure of 1.12 and 1.62 GPa 
respectively. In Table 3.2 it is possible to see in detail all the friction tests carried out. The 
tests have been labeled for simplicity with two pairs of data representing the linear and 
applied load used respectively. The first code indicates the linear speed (S1 or S4) and the 
second one refers to the applied load (L5 or L15).  
 
Table 3.2. Linear speed and applied load for the three types of solutions: TBA, Pd-TBA and Pd. 
 
Test type Label Linear speed (mm/s) 
Load 
(N) 
S1-L5 5 
S1-L15 
1 
15 
S4-L5 5 
TBA 
S4-L15 
4 
15 
S1-L5 5 
S1-L15 
1 
15 
S4-L5 5 
Pd-TBA 
S4-L15 
4 
15 
S1-L5 1 Pd alone 
S4-L5 4 
5 
 
 
In Fig. 3.16 the wear rates of the ball and the disk and the friction coefficient obtained 
for these tests have been represented. If we look at the left part of the graphic where the TBA 
values are shown we can see how the friction coefficient tends to diminish with the increase 
of the applied load, from 0.26 and 0.16 to 0.11. The wear rate of the ball and the disk are 
very high and almost similar for each test ( ∼ 10-5-10-6 mm3/Nm), although the disk wear rate 
of the first test was remarkably bad. In absence of NPs the low load bearing capacity of the 
TBA solution leads to a severe contact between the steel counterface what results in a high 
wear damage. It is also expected a corrosion phenomena induced by friction as denoted by 
the lost of shiny aspect in the track. 
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 In the mid part of the graph the results when the Pd NPs are added at 5 wt.% to the 
TBA are shown. The friction coefficient is increasing from 0.11 to 0.21 with the load and no 
differences are observed in respect to the speed. The disk and ball wear rates for all the tests 
are quite similar. Kdisk varies between 2.9 and 6.4×10-5 mm3/Nm and Kball varies between 1.5 
and 5.4×10-8 mm3/Nm. The wear rates decreased with the increment of the linear speed. The 
reason is when the frequency is increased the contact time decreased which reduces the 
speed of removing of the protective film, and therefore the wear was decreased [7]. 
Same behavior is observed when the Pd was tested without lubricant base as we can 
see in the right part of the graphic. Friction coefficient increases from 0.11 to 0.15 with linear 
speed increasing. Disk and ball wear rate are in the order of the values observed for the Pd-
TBA tests; Kdisk varies between 5.2×10-8 and 7.6×10-9 mm3/Nm and Kball between 1.1 and 
4.6×10-4 mm3/Nm.  
 
 
Fig. 3.16. Ball and disk wear rate and friction coefficient as a function of the parameters changed 
(linear speed and load). The graphic is divided into three parts as a function of the type of solution. 
 
The optical micrographs of the wear scar morphology of the balls under the same 
conditions of speed and load (S4-L5) for the three cases (TBA, Pd-TBA and Pd NPs alone) 
are shown in Fig. 3.17. We can see in Fig. 3.17a the remarkable wear scar of the ball of the 
test without NP. The benefits of the addition of NPs are clearly inferred by comparing the 
pictures Fig. 17b and c with that of pure TBA where the formation of a protective TF is 
denoted. Moreover, it is outstanding the size and homogeneity of the TF reached with the 
NPs alone. This is likely due to a higher concentration of NPs when no base is present 
increasing the feed up into the contact. 
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Fig. 3.17. Morphology of the wear scar of the test carried out with TBA alone (a), Pd NPs in TBA at 5 
wt% (b) and Pd NPs. 
 
Comparing the three zones observed in Fig 3.16 and the morphology of the wear scars 
in Fig 3.17, we can conclude: (i) friction coefficient increased with the load in the cases 
where we have NP between the counterfaces, (ii) no big differences are observed in Kdisk, 
(iii) the Kball diminished in about two orders of magnitude when NP are involved, (iv) no 
addition of base lubricant is necessary for having a good protective layer onto the ball. This 
last conclusion is subjected to the reciprocating mode. The linear speed and short length 
stroke favor that the TF has stood the entire test.  
In Fig. 3.18a it is shown the friction coefficient and the electrical resistance for a test 
carried out with just Pd NPs (in absence of lubricant base) under 5N of applied load at 1 
mm/s of linear speed and during 10 000 cycles (which corresponds to a sliding distance of 60 
meters). The friction coefficient value was decreasing continuously from 0.25 to 0.1 with the 
number of cycles. It is possible to observe how the electrical resistance is maintained close to 
0.02-0.05 kΩ for the entire test. In Fig. 3.18b the TF formed during the test onto the ball 
scars is shown.  
 
 
 
 
Fig. 3.18. Friction coefficient and contact electrical resistance behavior for Pd NPs without lubricant 
in reciprocating mode (a) and picture of the ball scar with adhered film. 
 
 
 
Chapter 3 
 
 
 
Nanostructured lubricant systems for tribological applications 80
3.4.4. Influence of the counterface 
The NPs have been dissolved in the TBA lubricant base at concentrations of the 5 
wt.%. The test conditions were the same than in part 3.4.1 but using 15 N of applied load. 
The counterfaces were mirror-polished AISI M2 steel disks and three types of balls: alumina, 
silicon nitride and tungsten carbide. The tribological behavior with these three different balls 
was compared with the studies presented in section 3.4.2. using a steel ball AISI 52100. 
Table 3.4 listed the hardness and elastic modulus as provided on the technical data sheets and 
the initial maximum Hertzian contact pressure.  
 
Table 3.3. Kind of ball-counterface and disk, hardness, elastic modulus and maximum pressure 
contact. 
 
 
Material Hardness (HV0.1) (Kg/mm2) 
E 
(GPa) 
Pmax  
(GPa) 
Steel 52100 580 ± 50 210 1.62 
WC-Co 1929 ± 33 365 2.00 
Al2O3 2055 ± 82 580 1.40 
Ball 
Si3N4 1676 ± 79 307 1.81 
Disk Steel M2 830 ± 10 250  
 
Fig 3.19 shows the ball and disk wear rates and friction coefficients found for these 
tests with and without Pd NPs in the lubricant base. About friction coefficient, it can be 
noticed how all the tests carried out with WC-Co, Al2O3 and Si3N4 present similar values 
with and without NP. The friction coefficient was not higher than 0.1 for none of the tests. 
As can be seen, the tests carried out with Al2O3 have the highest friction coefficient (0.07-
0.08), and with Si3N4 have the lowest friction coefficient (0.03-0.04); whilst the values of 
friction coefficient for WC-Co and steel balls without NPs are practically identical (0.04-
0.05). The fluctuation of the friction coefficient, as can be seen from the error bar, is higher 
for the Si3N4 balls. 
The influence of the type of counterface material is more manifested in the wear of 
the disks. Disk wear rate for the WC-Co with NPs showed a small decrease (8.6×10-10 
mm3/Nm) compared with the test without NPs (3.4×10-9 mm3/Nm). The diminution of the 
wear rate is considerably higher with the addition of NPs in the case of Al2O3 and Si3N4 
balls, from values Kdisk ∼ 10-7 to Kdisk 10-9 and 10-8 mm3/Nm respectively.  
The ball wear rate does not change almost for the WC-Co and Al2O3 balls (1-2×10-9 
mm3/Nm). The test carried out without NP vs. Si3N4 balls presents the highest ball wear rate 
(1.2×10-8 mm3/Nm) probably due to the powder character of this kind of ball. A big decrease 
of the ball wear rate is observed for the Si3N4 ball (7.6×10-10 mm3/Nm). In Fig. 3.20 the wear 
scars of the balls are shown for the steel 52100, WC-Co, Al2O3 and Si3N4. No TF is formed 
onto the ball, except for the steel, probably due to the chemical inertness of these materials, 
unlike steel which present good adhesion and reactivity to metals. Comparing the ball wear 
rate of these four different counterfaces (Fig. 3.19) it possible to see how the smallest ball 
wear rate is found in the steel ball due to the protective TF. 
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Fig. 3.19. Wear disk, wear ball and friction coefficient for the test with different counterfaces. 
 
 
 
Fig. 3.20. Optical micrographs of the worn surfaces for the steel (a), WC-Co (b), Al2O3 (c) and Si3N4 
(d) balls. 
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In summary, after studying these different counterparts, the results above described 
have shown that the tribological properties of the investigated NPs are strongly dependent on 
the nature of the counterface material. In Table 3.4. it is summarized the effects of the 
antagonist material on the tribological response of Pd NP dispersions in respect to pure TBA.  
 
Table 3.4. Summary of the effects in the tribological results of the NP addition to the base oil. 
 
Materials Friction coefficient, μ 
Disk wear rate, Kdisk 
(mm3/Nm) 
Ball wear rate, Kball 
(mm3/Nm) 
Steel 52100 − ≈ + + 
WC-Co ≈ + − 
Al2O3 ≈ + + − 
Si3N4 ≈ + + 
 
The benefits of using Pd NPs as lubricant additives with steel 52100 were studied in 
detail in the previous sections of this chapter. The formation of a TF onto the ball scar and 
the healing effect on the substrate were confirmed. The improvement of the tribological 
behavior with WC-Co hard balls was not so obvious because just a slight decrease in disk 
wear rate was observed. In the case of the Al2O3 balls, a drastic diminution of the disk wear 
rate of 2 orders of magnitude was found. For the Si3N4 balls, a decrease of the disk and ball 
wear rate was found. 
To sum up, the friction coefficient did not suffer big changes with the change of 
counterface. The disk wear rates were improved for each counterface but the steel 52100. 
Nevertheless, for this last case, the ball wear rate was improved due to the formation of a TF 
onto the ball scar. It was shown in Table 3.3 the hardness of the different counterface used 
for this study. It must be noticed how WC-Co, Al2O3 and Si3N4 present higher hardness than 
the disk of steel M2 used for the tribological study. Nevertheless, hardness of M2 is higher 
than AISI 52100. The NP addition protects the softest counterface for every tribo-system. In 
spite of the TF was not formed in the case of using WC-Co, Al2O3 and Si3N4 balls, the NP 
addition was advantageous due to the healing, rolling and/or polishing effect that improve 
the tribological behavior [41]. In the case of using AISI M52100 the protective effect due to 
the formation of a TF is added.  
 
 
3.5. Conclusions  
Good lubrication and reduction of the mechanical wear are critical for technologies at 
the micro- and nanoscale. Some components in such devices are used for electrical 
connections that require low resistances for application of currents or voltages. The 
dispersion of surface-modified metallic nanoparticles in base oils could be easily 
incorporated into existing lubricant compositions by appropriated design of the core-shell 
structure. The procedure reported here allows effective anti-wear performance by using 
surface-modified Pd and Au nanoparticles (2 nm-core size) with alkylammonium and 
alkanethiolate hydrocarbon chains respectively under severe pressure conditions. The 
nanoparticles help to accommodate the sliding motion, increasing the load capacity, and 
Metallic nanoparticles as lubricant additives 
 
 
 
M.D. Abad 83 
decreasing the wear rate. The tribological tests under extreme load conditions (up to 1.62 
GPa) yielded wear rates better than 3×10-10 mm3/Nm and friction coefficients below 0.1. 
Moreover, in the case of lubricant formulation made with Pd nanoparticles a decrease of the 
electrical resistance of the contact is obtained making suitable its application for small 
connectors and microelectronics devices [29]. The origin of such behavior is attributed to the 
formation of a homogeneous metal-like layer rich in Pd onto the counterfaces when the 
particles are trapped in their transit through the contact. The observance of the particles after 
the test put in evidence they mostly retained their nanometric size. In summary, the presented 
surface metallic nanoparticles can be very useful to extend life of sliding contact due to their 
high strength resistance providing as well a gateway to electrical conduction for the case of 
Pd. 
A deep study of the tribological behavior of the Pd NPs in TBA has been carried out 
by changing different experimental parameters: 
- The influence of the load has been studied using AISI 52100 steel balls. The friction 
coefficient of the Pd-TBA as a function of the applied load does not show big differences, 
but the wear rate of the ball diminishes with the applied load, being always one order of 
magnitude lower that the disk wear rate. 
 - The influence of the nanoparticle concentration was investigated. A concentration 
of 2 wt.% of Pd NPs in TBA was found as the minimum value for forming a TF onto the ball 
scars. Between 2 and 4 wt.% it is possible to see the lowest values of ball and disk wear 
rates. Above 5 wt.% the wear rate of the disk increased due to an excess of NPs. The 
electrical resistivity of the formed TF was very low, in the order or 0.1-0.5 kΩ.  
- The influence of the reciprocating motion was also investigated. Similar conclusions 
to the rotative mode were found; Pd NPs formed a TF onto the ball scars preventing the wear 
of the ball. This TF diminished the electrical resistance of the contact (<1kΩ). Due to the 
reciprocating motion is not necessary to add lubricant base to the test because just Pd NPs 
can lubricate the contact. In the studied reciprocating conditions, the TF was retained even if 
no base lubricant was added to the Pd NPs. These conditions are rather similar to those 
offered by solid lubricant thin films and can be explained by the easy shear properties of a 
soft Pd-rich TF layer. 
- Different counterfaces were used for the tribo-test in order to study the adhesion of 
the NPs onto the ball. Tribological properties of the NPs are strongly dependent on the 
counterface materials. Under the testing conditions, lowest ball wear rate are obtained with 
steel balls due to the formation of a TF onto the ball scars. No TF formation was observed 
onto the WC-Co, Al2O3 and Si3N4 balls probably due to the chemical inertness of these 
materials. Nevertheless an improvement on the tribological properties was found for the 
addition of NP to the lubricant base probably by rolling, healing and/or polishing effect in 
spite of not forming a TF. Using Al2O3 and Si3N4 balls, it was observed a big decrease in the 
disk wear rates. 
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Chapter 4 
WC/a-C nanocomposite coatings 
 
 
This chapter will be subdivided into four parts. Foremost, the chemical and microstructural 
characterization carried out by many different techniques will be exposed. In the second, the optical 
and electrical properties will be studied and related with the previous exhaustive characterization. 
Then, the thermal behavior will be shown and analyzed in respect to the carbon content of the films. 
Finally, the mechanical and tribological behavior will be detailed for these coatings, compared with 
the literature data and correlated with the previous characterization.   
 
4.1. Introduction 
Tungsten–carbon hard coatings are widely used as protective coatings due to their 
high melting temperature, high hardness, relatively low conductivity and excellent chemical 
stability [1-6]. To improve their practical performance and durability in load bearing, rolling 
sliding contact applications other properties as high toughness or reduced friction are of 
interest as well [7,8]. The combination of a hard tungsten carbide phase with ductile phases 
such as carbon has been assessed in the form of multilayer or nanocomposite coatings as a 
good approach to achieve this advanced functionality mixing the best properties from both 
materials [4,9-13]. Moreover, the possibilities that the nanostructuration offers for obtaining 
materials with improved properties by appropriate control of the chemical composition and 
microstructure at the nanoscale, boost the development of new multiphase coatings with 
designed architecture [14,15]. The nature of the components, crystal size and the amount of 
each phase determines the final properties of the material [16-18]. 
By way of example, the WC/C multilayered coating used in commercial gear 
applications that increases the load carrying capacity, reduces friction and fuel consumption 
by controlling the periodicity of the multilayer structure [19-21]. Another way to improve the 
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WC coatings performance is the formation of the so-called nanocomposite structure, 
consisting of a high density of nanometer sized crystals embedded in an amorphous carbon 
or DLC matrix [8-12,22,23]. Comparing the tribological properties of WC/C in multilayered 
and nanocomposite forms, the more homogeneous dispersion of WC nanocrystallites 
throughout the W-C:H layer provides better abrasive wear resistance, while the multilayered 
form performs better in the impact fatigue tests [20]. Another well-known example 
corresponds to the WC/DLC/WS2 nanocomposite system, which is formed by nanometric 
grains of WC and WS2 grains embedded in an amorphous DLC matrix. This system operates 
as a lubricant in aerospace applications involving environmental changes from ambient air to 
vacuum [24,25]. 
The deposition of tungsten carbide films has been done by many chemical vapour 
deposition (CVD) [26-29] and physical vapour deposition (PVD) methods [3,4,7-12,30-37]. 
Focusing on PVD technique, different options have been tried namely: non reactive 
magnetron sputtering of WC target [30,31]; reactive magnetron sputtering of W or WC with 
CH4 [3,22,32], C2H2 [7,11,12,33,34], C2H4 [35], benzene [23] or fullerene [36]; the 
simultaneous sputtering of tungsten and carbon targets [37] or by laser ablation of graphite 
alternatively [8-10]. One of the main peculiarities of the WC material is the high number of 
compositional and structural forms that can exist according to the W-C phase diagram that 
we can see in Fig. 4.1 [38-40].  
 
 
Fig. 4.1. Phase diagram of the W-C system. 
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In Fig 4.2 it is shown a summary of the hardness and friction coefficient values vs. C 
content of nanocomposites composed of WC nanocrystals embedded in amorphous carbon 
matrix (hydrogenated or hydrogen-free) found in the literature. Apparently a lack of 
correlation can be inferred from the Fig. 4.2. This could be partially attributed to the 
employment of different deposition techniques and synthesis conditions together with the 
difficulties inherent to the evaluation of tribological properties which are controlled by a 
nonlinear interaction of several different parameters.  
 
 
 
Fig. 4.2. Comparative analysis of hardness (a) and friction coefficient (b) of samples from the 
literature data. 
 
Nevertheless, three broad regions could be distinguished in general terms depending on the 
amount of C and the observed properties: 
Region I.  Below 30 at.% C the samples show very high friction coefficient  up to 
1.0 and a wide range of hardness values (from 10 to 40 GPa). 
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Region II.  From 30 to 45 at.% C we found the highest hardness measured for each 
set of films and also high values of friction (between 0.4 and 0.7).  
Region III.  More than 45 at.% C, a continuous reduction of the hardness and friction 
coefficient with the increase of the carbon content is the main 
particularity of this region. The majority of the data found in the 
literature are inside this region due to the good compromise between 
relatively high hardness and low friction coefficient. Increasing the C 
content more than 90 at.% the mechanical and tribological properties of 
the films can not be related with those of carbide films, but rather by 
those of the amorphous carbon matrix [11,22]. 
 
In this chapter, it is presented a novel approach for depositing WC/a-C nanocomposite 
coatings by direct non-reactive sputtering of WC and C targets with argon. Previously, 
carbon was introduced by means of hydrocarbon precursors and sputtering of graphite was 
used simultaneously with W target in a reactive approach. By changing the sputtering power 
applied to each target, a series of coating is prepared where the proportion between 
nanocrystalline tungsten carbide and amorphous carbon phases is tailored. The 
characterization is carried out by different spectroscopic and microscopic techniques with the 
aim of determining the characteristic features and distribution of both phases inside the 
nanocomposite. XRD, TEM, HRTEM and ED techniques are used for investigating the 
crystalline phases while XPS and Raman spectroscopy for characterizing the carbon phase as 
a function of the film deposition parameters. Optical and electrical properties are measured 
and correlated with the microstructural characteristics. The thermal stability is studied with 
the aim of investigating the thermal resistance of the coating at increasing temperature. With 
the obtained information is possible to correlate synthesis parameters, film structure, and 
phase composition (WC/a-C) with the functional properties such as tribological and 
mechanical. This complete study will help to understand the previous literature reported on 
this system and will serve as guide for a tailored synthesis of these materials with the desired 
properties depending on the foreseen application. 
This chapter will be subdivided into four parts. Foremost, the chemical and 
microstructural characterization carried out by many different techniques will be exposed. In 
the second, the optical and electrical properties will be studied and related with the previous 
exhaustive characterization. Then, the thermal behavior will be shown and analyzed in 
respect to the carbon content of the films. Finally, the mechanical and tribological behavior 
will be detailed for these coatings and compared with the literature data and correlated with 
the previous characterization.   
 
 
4.2. Chemical and microstructural characterization  
A series of WC/a-C coatings was prepared by changing the sputtering power ratio 
(R), which is defined as the ratio of sputtering power applied to the graphite target in respect 
to the WC target (R= PC/PWC), from 0 to 3. A detailed description can be found in Chapter 2. 
The obtained films are labeled as R0, R0.1, R0.3, R0.5, R1, R2 and R3 as summarized in 
Table 4.1.  
 
WC/a-C nanocomposite coatings 
 
 
 
M.D. Abad 91 
4.2.1. Chemical composition by XPS 
The synthesis conditions such as the power applied to each magnetron and the power 
ratio are summarized in Table 4.1 along with the chemical composition for the studied 
coatings. It is worth mentioning that WC sputtering power was set at 250 W from R0 to R1 
and later reduced at 150 W for R2 and R3 in order to fulfill the power ratio with respect to 
the graphite within the limit specifications of the magnetron heads. The corresponding 
carbon power was varied between 0 and 450 W to maintain the power ratio from 0 to 3. Fig. 
4.3a shows the deposition rate of the coatings as a function of the power ratio. It can be 
noticed how the deposition rate increases almost linearly from R0 to R1 if the power applied 
to the WC target is kept constant. However, the diminution of PWC to 150 W yielded a drastic 
reduction of the deposition rate although it tends always to increase at higher power ratio.  
 
Table 4.1. Film sputtering conditions, thickness, elemental composition and chemical bonding by XPS 
and crystal size (D) by XRD for the WC/a-C samples. 
 
 
 
 
 
Fig. 4.3. (a) Deposition rate of coatings and (b) atomic percentages of W, C and O estimated by XPS 
as a function of power ratio 
Power applied 
(W) 
Elemental composition 
(at.%) 
Chemical bonding 
(at.%) 
Film 
PC PWC 
R Thickness (µm) 
W C O W W-C C C-W C a-C 
D by 
XRD 
(nm) 
R0 -- 250 0 0.8 63 33 4 66 27 7 9 
R0.1 20 250 0.1 1.3 58 37 5 62 35 3 5-7 
R0.3 70 250 0.3 1.5 47 50 3 50 40 10 2-3 
R0.5 125 250 0.5 1.6 40 55 5 44 40 16 2-3 
R1 250 250 1 2.5 32 64 4 35 39 26 - 
R2 300 150 2 1.4 28 69 3 31 39 30 - 
R3 450 150 3 1.8 27 71 2 30 39 31 - 
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Elemental chemical compositions of the coatings as determined by XPS are shown in 
Table 4.1. The present data correspond to the surface state after cleaning with an Ar+ ion 
bombardment conditions (5 min). Fig. 4.3b shows the variation of the W, C and O atomic 
percentages versus power ratio. The average oxygen contamination remains low, typically in 
the range of 2 to 5 at.% and its presence can be due to molecular oxygen desorbed from the 
chamber walls or contained as an impurity in the target and/or the sputtering gas. The total 
carbon content in the films progressively increases from 33 to 71 at.% as the power ratio is 
changed from 0 to 3. 
 
4.2.2. Chemical bonding by XPS 
C 1s and W 4f XPS spectra for the series of the coatings are shown in Fig. 4.4a and b 
respectively. The C 1s peak presents two main components at 283.5 and 285.0 eV that can be 
ascribed to C-W and C-C bonds respectively. The relative contribution of the C-C peak 
increases at higher R values corresponding to the formation of an amorphous C-bonded (a-C) 
matrix. Regarding the W 4f photoelectron spectra, the main component W 4f7/2 is placed at 
around 31.5 eV which indicates the existence of W-C bonds. This binding energy tends to 
shift towards 32 eV and the doublet peak to get broader as a consequence of the carbon 
enrichment [8]. Similar binding energies were found in other works [8,11]. In order to obtain 
a more quantitative insight of the compositional changes a fitting analysis was carried out in 
both peaks.  
 
 
 
Fig. 4.4. (a) XPS spectra of the C 1s and (b) W 4f photoelectron peaks for the studied coatings. 
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Fig. 4.5 displays all the different components considered in the fitting analysis of C 1s 
(a) and W 4f (b) XPS peaks before and after Ar+ bombardment using the sample R1 (64 at.% 
of C) as representative example. The C 1s peak was fitted assuming main contributions from 
W-C (283.5 eV), a-C (285.0 eV), and C-O from surface contamination (286.7 eV and 288.6 
eV). For the W 4f peak, besides the main component corresponding to W-C bonds at 31.5 
eV, a doublet W 4f for the WO3 at 35.7 eV and the contributions from the W 5p peaks for 
each chemical species are considered. The fitting analysis enables to estimate the proportion 
of carbide vs. a-C inside the coatings and the WCx stoichiometry. The obtained values 
following a similar procedure are summarized in Table 4.1.  
 
 
 
 Fig. 4.5. (a) A representative example of the XPS fitting of the C 1s and (b) W 4f spectra for the 
coating R1 before and after Ar+ bombardment. 
 
 
Fig. 4.6 illustrates the fraction of C bonded to W (CC-W/WW-C) (stoichiometry of WCx 
phases) and the fraction of total C with respect to the tungsten carbide phases (Ctotal/WW-C) 
(stoichiometry of WC/a-C nanocomposite). It can be noticed that from the R0.3 film, the 
content of free carbon increases above the carbide component. The variation of the C/W ratio 
in this component from 0.4 to 1.3 indicates the formation of non-stoichiometric WCx phases. 
These results are not surprising since transition metal nitrides [46,47] and carbides [48,49] 
are rather non-stoichiometric materials and tend to easily incorporate significant vacancy 
concentrations on both the metal and non-metal sublattices. In substoichiometric carbides the 
most significant defect is the C vacancy while in C-rich compounds, although the presence of 
W vacancies cannot be ruled out completely, the excess C can form a metastable solid 
solution [23,36]. Other authors [3,36] have observed as well high solubility of C (approx. 5-
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25 at.%) by XPS in reactively sputtered W films; despite the solubility of carbon in α-W is 
negligible at room temperature under equilibrium conditions (only ≈0.7 at.% at 2715 ºC). 
This fact can explain the high concentration of C-W bonds in the carbon-rich region by 
forming a metastable interstitial solid solution. Also we should consider that C atoms from 
the a-C matrix located in the surface of WCx grains have W neighbors but do not belong to 
WCx grains. This may increase the amount of C-W over the stoichiometry and should 
increase with decreasing cluster size. The binding energy of this component would be similar 
to that of C in WC compounds and, therefore, undistinguishable contributing to the 
increment of the C/W ratio [50]. 
 
 
 
 
Fig. 4.6. Fraction of C bonded to W (CC-W/WW-C) (stoichiometry of WCx phases) and fraction of total C 
total with respect to W in the tungsten carbide (Ctotal/WW-C) (stoichiometry of WC/C nanocomposite). 
 
 
4.2.3. Chemical bonding by Raman 
The formation of an amorphous carbon bonded-matrix is confirmed by Raman 
spectroscopy (Fig. 4.7a). Only for samples with carbon content higher than 50 at.%, the two 
peaks characteristic of the sp2 sites of all disordered carbons at 1350 (D-peak) and ordered 
graphite at 1585 cm-1 (G-peak) are clearly observed [51]. Identical results were found when 
the total carbon content exceeded the 48.8 at.% by Czyzniewski [11] or 65 at.% by Voevodin 
et al. [8]. The main changes are noticed for power ratios R2 and R3. Fig. 4.7b shows the 
variation of the G-peak position and the relative intensity of D and G peaks for the samples 
containing C content higher than 50 at.% (a-C > 10 at.%), when the peaks are discernible. 
The G position shifts downwards from 1572 cm-1 to 1550 cm-1 indicating an increased 
disorder of the sp2-bonded carbon structure. However, the ID/IG ratio is less sensitive to the 
changes of the power ratio. 
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Fig. 4.7. (a) Raman spectra of the WC/a-C nanocomposite films as-deposited. (b) G-Position and ID/IG 
parameter versus carbon content. 
 
 
 
4.2.4. Crystalline phase composition by XRD 
Tungsten carbide has a high number of compositional and structural forms. According 
to the W-C phase diagram [38] showed in Fig. 4.1, three different carbides are formed: the 
hexagonal stoichiometric monocarbide WC that melts incongruently; a face centered cubic 
(fcc) carbide β-WC1-x phase (where 0.34≤x≤0.43) with a NaCl structure; and a second 
hexagonal carbide W2C which presents four possible polymorphic modifications namely, 
low (α), intermediate (β and ε) and high-temperature (γ). These four polymorphs differ in the 
ordering of the C atoms in the interstitial positions as demonstrated by a recent paper of 
Suetin et al. [39]. Both phases, β-WC1-x and W2C are stable from 1250 to 2500 ºC 
respectively although hexagonal WC is the only thermodynamically stable phase at room 
temperature, metastability in the system has been reported in both concentration-driven and 
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temperature-driven non-equilibrium transitions [52]. For instance, the metastable WC1-x and 
W2C are found to be formed as kinetic products from rapid cooling of WC. These two phases 
WC1-x and W2C are also those often observed by sputtering, as previously shown [8,23,30]. 
The grazing incident X-ray diffraction patterns of the as-prepared WC/a-C films are 
shown in Fig. 4.8a in the region 20-80 (2θº). Asymmetric and broad peaks are observed, 
indicating nanocrystallinity and lattice defects. Indeed, the main identified phases correspond 
to hexagonal W2C and cubic β-WC1-x. No peaks from the hexagonal α-WC are observed 
despite of using a pure WC target and being the only thermodynamically stable carbide 
phase in the W-C system at room temperature. The crystalline character of the coatings 
decreases as the R parameter increases, becoming X-ray amorphous at the highest ratios. The 
increment of the power applied to the graphite target induces a reduction of the diffraction 
domain sizes, probably because carbon in excess makes the grain growth difficult [15]. 
 
 
 
Fig. 4.8. (a) GIXRD Diffractograms for the WC/a-C films as a function of R. (b) Detail in the region 
30-50º. An inset is included in this figure showing the absence of diffraction peaks in the low angle 
region for R0 film. The lines and symbols indicate the positions of the diffraction peaks for WC1-x and 
W2C patterns (JCPDS cards numbers: 20-1316 and 35-0776, respectively). 
 
In Fig. 4.8b, the diffractograms recorded in the region 30-50 (2θº) of coatings R0, 
R0.1 and R0.3 are shown in detail. Initially, by single sputtering of the WC target (R0), the 
XRD shows a diffraction pattern that can be assigned to hexagonal W2C phase. In the four 
W2C polymorphs (α, β, ε and γ), the W atoms form an hexagonal close packed (hcp) 
sublattice in which half of the octahedral interstices are occupied by carbon atoms. The XRD 
patterns of these four polymorphs differ very little because these phases have the same 
hexagonal tungsten sublattice, whereas the atomic scattering factor of carbon is many times 
lower than that of tungsten. For this reason, changes in the arrangement of carbon atoms in 
W2C are only detectable at low diffraction angles (2θº<30). The polymorphs α-W2C, β-W2C 
and ε-W2C present some peaks at these low angles whilst none can be found for the γ-W2C 
[39]. A closer view of the GIXRD diagram at these low angles is shown for R0 sample in the 
inset of Fig. 4.8b. The total absence of peaks in this region is thus indicative of the γ-W2C 
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phase. Palmquist et al. also concluded the formation of this same phase using C60 as carbon 
precursor [36]. This high temperature structure with a disordered arrangement of carbon 
atoms and vacancies is probably reached because of the non-equilibrium conditions of the 
plasma sputtering processes.  
In the GIXRD diffractogram of the R0 sample, the (100) diffraction peak at 34.5º and 
an intense peak at around 39º originated by the overlapping of the (002) and (101) planes are 
identified. Ignoring any possible strain broadening contribution, estimations of the grain size 
were done by means of the Scherrer’s formula and are shown in Table 4.1. From the 
broadening of these peaks an average crystallite size of 9 nm was estimated. The next sample 
R0.1 exhibits an additional peak located at about 42° attributed to the (200) reflection peak 
of the cubic β-WC1-x phase, while the overlapped intensity of the (002/101) planes of the γ-
W2C phase is reduced. These results suggest that the R0.1 film is a double phase film 
containing hexagonal γ-W2C and β-WC1-x phases. The crystallite size in γ-W2C was reduced 
to about 7 nm while the β-WC1-x crystallite size is estimated to be about 5 nm. In contrast, 
for higher R values, the diffraction patterns of the associated films exhibit mainly a broad 
peak located at about 37.5° which can be associated to the (111) reflection peak of the fcc β-
WC1-x phase. A rough estimation of the crystalline grain size gives a value of 2-3 nm. These 
results, taking into account the range of carbon contents cited in Table 4.1, are in good 
agreement with previous works [37,52] where a transition from γ-W2C to β-WC1-x is 
observed at a carbon content of 35-40 at.%. Further increment, above 45 at.%, results in 
XRD amorphous films with a weak and broad peak at 37.5º assigned to WC1-x (111) planes. 
Hereafter, for simplicity we will use the general form W2C and also WC1-x without 
specifying the crystallographic structure here determined. 
 
 
4.2.5. Microstructure by TEM/ED 
 The results of the X-ray diffraction experiments are further confirmed by TEM. Fig. 
4.9 shows four representative planar-view TEM micrographs of coatings prepared at growing 
ratios (R0, R0.1, R0.5 and R3) together with their associated electron diffraction patterns. 
The microstructure is formed by small grains of 5-10 nm in the samples R0 and R0.1, 
however, these features vanish at R≥0.5. The presence of well-defined electron diffraction 
rings is noticed for the lowest power ratios while they become more diffuse when the power 
ratio increases. These results are in agreement with a more disordered WC1-x phase and a 
progressive enrichment in amorphous carbon matrix. 
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Fig. 4.9 (a) TEM planar view of samples R0, (b) R0.1, (c) R0.5 and (d) R3 and their corresponding 
electron diffraction patterns. 
 
 
4.2.6. Microstructure by HRTEM and EFTEM 
Fig. 4.10 shows two pictures at higher magnifications of the coatings R0.1 and R1 
together with their associated ED patterns confirming the nanocrystalline character although 
with different microstructure. Thus, R0.1 can be defined as a polycrystalline sample formed 
by small crystalline domains whilst R1 is a nanocomposite of small crystals embedded in an 
amorphous matrix. Focusing on the sample R0.1, the interplanar distances of 2.1, 2.2 and 2.4 
Å can be measured corresponding to (200) WC1-x, (101) W2C and (111) WC1-x, crystal 
planes respectively, corroborating the mixture of phases. Moreover, the indexation of the ED 
rings is in agreement with a mixture of W2C and WC1-x phases. In the R1 sample (Fig 4.10b), 
it is distinguished a small crystal about 3-4 nm in diameter with a interplanar distance of 2.4 
Å characteristic of the WC1-x (111) family of planes. The analysis of the diffraction rings for 
this sample leads to interplanar distances of 2.4, 1.5 and 1.3 Å. These values can be 
correlated with the family of planes (111), (220) and (311) of the WC1-x crystalline phase. 
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Fig. 4.10. (a) HRTEM micrograph of R0.1 and associated ED diagram indexed with the different 
orientations and possible phases. The interplanar spacings are marked on different nanocrystals. (b) 
“Zero-Loss” HRTEM for R1 and ED diagram associated. A crystallite is remarked on the micrograph. 
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4.2.7. Microstructure by X-SEM 
Fig. 4.11 contains four fracture cross-sections of the coatings R0, R0.1, R1 and R2 
examined by SEM as representative pictures of the different film morphologies. The 
underlayer of about 0.35 μm is only visible for the highest power ratios where the differences 
in chemical and structure are more evident. Fig. 4.11a corresponds to the R0 sample and is 
characterized by a dense structure. This sample was grown with a negative polarization of 
the substrate (100 V) that induces ion bombardment during the growth process. This ion 
bombardment controls the microstructure directly by re-sputtering and increases diffusivity 
of the adatoms as a consequence of both the increment in the substrate temperature and direct 
momentum transfer [30]. It is known that through these mechanisms ion bombardment 
inhibits columnar growth and preferential nucleation respectively [53,54]. In the next case 
(Fig. 11b), with a slight variation in the power ratio (R0.1) and the absence of bias, the 
development of a fine columnar structure is observed. By further increase of the carbon 
content, in the R1 sample, this microstructure becomes glassy-like or fine-grained and can be 
correlated to small nanocrystals of WC1-x in a matrix of a-C [11,34]. A similar transition from 
columnar to glassy microstructure increasing the carbon content is also observed for others 
MeC/a-C nanocomposites [55]. In the last micrograph (Fig. 11d), the typical features for 
power ratios above 2 are displayed. In this case, a broad columnar microstructure is observed 
oppositely to what is seen in coating R0.1. Such typical microstructure is most likely due to 
the lowering in amount and energy of the impinging species affecting the film growth [56]. 
This fact correlates with the dumping of the power applied to the WC target down to 150 W 
for R2 and R3 and, the subsequent decrease of the deposition rate displayed in Fig. 4.3a. 
 
 
 
Fig. 4.11. (a) Cross-section SEM micrograph of WC/a-C nanocomposites as representatives R0, (b) 
R0.1, (c) R1 and (d) R2 coatings. 
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4.2.8. Summary 
In summary, after studying the chemical and phase composition by XPS, XRD, 
TEM/ED and Raman it can be concluded the following sequence. Initially, nanocrystalline 
hexagonal W2C (γ-disordered type) phase is mainly formed by single sputtering of WC 
target. The incorporation of carbon leads to a progressive reduction of the crystalline domain 
size and the nucleation of the cubic β-WC1-x phase. From a total C content of approximately 
50 at.% (R0.5) the formation of composite films containing nanocrystallites of cubic β-WC1-x 
phase dispersed in an amorphous carbon matrix is clearly manifested. Further increase of the 
R parameter leads to a progressive increment of the free amorphous carbon content 
becoming comparable to the crystalline fraction from R2. 
 
4.3. Optical and electrical properties 
As we have seen in the previous section, binary tungsten carbide usually crystallizes 
in a hexagonal phase as W2C or WC while substoichiometric WC1-x can crystallize in a cubic 
phase. In composite materials like WC/a-C two or three phases can be present and the 
investigation of the resulting film structure can be rather complex due to their chemical 
heterogeneity and phase distribution at the nanoscale. In this sense, the measurement of 
optical or electrical properties can shed light on the relationship between the crystalline 
phases, microstructure and the fundamental properties of these films. The optical and 
electrical properties of protective coatings have been generally measured on transition-metal 
nitride thin films: TiN [57], ZrN [57, 58], ZrSiN [59], ZrAlN [60], NbSiN [61,62], TiBN 
[63]. Less information is found for the transition metal carbide series: WC [22,31,64-68], 
ZrC [69], TiC [69,70], TiSiC [71], TiBC [72] and MoC [73]. Fewer publications are devoted 
to their combinations with amorphous carbon as nanocomposite structure. In particular, for 
the WC thin films, Park et al. [22], Krzanowski et al. [31] and Gouy-Pailler et al. [68] have 
studied the electrical resistivity and Rumanus et al. [66] showed the optical response. 
This section reports an extensive analysis of the optical and electrical properties of the 
set of WC/a-C coatings prepared in this thesis. The present study is of interest both for 
fundamental reasons and for technological applications. Stoichiometric deviations, structural 
disorder, and phase composition influence the physical properties of these materials. 
Moreover, knowledge of the relations between the microstructure and electrical and optical 
responses of disordered two-phase nanocomposites leads to a better understanding of their 
functional properties. 
 
4.3.1. Optical characterization by spectroscopic ellipsometry 
All the investigated films are optically opaque; therefore they can be considered as 
semi-infinite samples for ellipsometry and the measurements provide directly the complex 
dielectric function of the bulk film without any contribution from the substrate. Fig. 4.12 
shows the real and imaginary parts of the dielectric function the ε (ћω) = ε1 (ћω) + iε2 (ћω) 
of the composite WC/a-C films. The spectrum obtained for an amorphous carbon film 
prepared by sputtering is included as a reference. The optical properties for the a-C film are 
comparable to those observed in previous works for semi metallic amorphous carbon 
samples [74,75]. The pseudo-dielectric functions of R0 (W2C), R0.1 (W2C+WC1-x), R0.3 
and R0.5 (WC1-x) films show a typical Drude-like metallic behavior with ε1 (ћω) <0  over 
the investigated energy range. The ε1 (ћω) curve of the R0 film exhibits clearly two 
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resonance peaks located at 2.6 and 3.5 eV. These features are also visible in the spectrum of 
the double phase R0.1 film containing a mixture of W2C and WC1-x phases. Regarding the 
W2C phase, it is worth noting that similar curves have been reported for isoelectronic 
hexagonal Cr2N and Nb2N films [62,76]. 
 
Fig. 4.12. a) Real (ε1) and b) imaginary (ε2) parts of the dielectric function of WC/a-C films 
 
According to the band structure calculations reported by Hugosson et al. [74] 
hexagonal W2C and cubic WC1-x phases are metallic compounds with free metal d bands at 
the Fermi level. In good agreement with these results, samples R0 to R0.3 show a Drude-
like metallic behavior. In metallic compounds the plasma frequency ωp is related to the 
effective density of free electrons N by the relation 
*
0
2
e
p m
Ne
εω =         (4.1) 
Where me* and e are the effective mass and charge of the electron. The plasma energy ε1 
(ћωp) typically lies in the ultraviolet region, however in transition metal nitrides and 
carbides interband transitions occurring at energies lower than the plasma energy strongly 
modify the plasma reflectance edge. Following the standard analysis procedure described in 
refs. [46] and [76], it is possible to fit the dielectric function using a Drude term (intra band 
transitions) and a set of Lorentz oscillators (interband transitions) 
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where ε∞ is a constant accounting for the all higher-energy interband transitions, Γp= ћ/τ is 
the damping factor and τ the free electron relaxation time. Four Lorentz oscillators have 
been introduced to account for interband transitions. Under the assumption that R0 and R0.3 
films are single phase materials (W2C and WC1-x phases respectively) the ε1 (ћω) and ε2 
(ћω) curves of these films were fitted to find out ωp and Γp. Thus  ћωp= 7.45 eV and Γp= 1.5 
eV were obtained for the hexagonal W2C film and ћωp= 6.8 eV and Γp= 1.5 eV for the cubic 
β-WC1-x. For both carbides the electron relaxation time is found to be τ = 4.3×10-16 s while 
the optical carrier densities were estimated to be NW2C = 4×1022 cm-3 for the W2C film and 
NWC1-x = 3.36×1022 cm-3 for the WC1-x film. The short relaxation time obtained from the fitted 
Drude dumping factor is well correlated with the nanocrystalline and poor crystallized 
nature of the R0 and R0.3 films. As deduced from XPS measurements these films contain 
about 10 at.% of amorphous carbon: the C atoms are principally distributed at the grain 
boundaries. Therefore, the lattice defects and grain boundary regions limit the mean free 
path of free carriers to a few nanometers. 
 
The optical d.c. resistivity, which can be extracted from the optical properties as 
τρ Ne
m
op 2
*
=  can be estimated for W2C and WC1-x. The calculated values are ρop ≈ 200 
μm·cm for the W2C film and ρop ≈ 240 μm·cm for the WC1-x film. These values are 
consistent with the room temperature d.c. resistivity values of ρ = 140 μm·cm and ρ = 180 
μm·cm obtained from Van der Pauw measurements and it will be described with more detail 
in the next section 4.3.2. Though it is difficult to extract the exact Drude parameter from the 
optical response of transition metal carbides due to interband transitions, the obtained values 
confirm the validity of optical method. Finally, the dielectric function of the R0.1 film lies 
between those of the R0 and R0.3 films, which is in good agreement with the presence of 
W2C and WC1-x phases in this film as discussed above. 
In the case of the composite films R0.5, R1, R2 and R3 films, which contain a 
mixture of two phases, the cubic β-WC1-x and a-C, the dielectric function gradually evolves 
towards that of a-C reference film as the relative concentration of a-C increases.  
Values for the refractive index n and extinction coefficient k at a fixed wavelength of 
600 nm are reported in Fig. 4.13 as a function of the carbon content for all the investigated 
films. Both n and k progressively decrease as the carbon content increases in the films. This 
decrease is due to the change in the amorphous carbon content in the films and consequently 
diminishes their metallic character. Similar behavior has been observed in various 
nanocomposites films containing metallic carbides in an amorphous carbon matrix [73].  
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Fig. 4.13. Refraction n and extinction k coefficients as a function of the C content. 
 
4.3.2. Electrical properties by Van der Pauw method 
The room temperature (RT) d.c. resistivity, ρ, for a selected series of composite WC/a-C 
films is shown Table 4.2 and in Fig. 4.14a as a function of the carbon content. For 
comparison other resistivity values of WC thin films found in the literature are shown. 
 
Table 4.2. Typical parameters obtained for the best fit of the electrical resistivity of WC/a-C films with 
the grain boundary scattering model. 
 
 
 
 
 
 
 
 
 
It is possible to see in Fig. 4.14a that our data are found between the values reported in the 
literature and that there are not big changes in this range of carbon content. The resistivity of 
the R0 film (W2C) is about 140 µΩ·cm in good agreement with Krzanowski et at. [31] who 
reported an electrical resistivity of 150 µΩ·cm for a W2C-rich coating. Gouy-Pailler et al. 
[68] found that the electrical resistivity increased with increasing carbon concentration and 
within the range from 20 to 60 at.% it remained almost constant at about 100 µΩ·cm. This 
resistivity value is very comparable with that required for diffusion barrier materials in 
metal-semiconductor contacts [77].  
Film
C 
(at.%)
ρ 
(µΩ·cm)
Thickness
(μm) 
α 
(104 nm)
p G 
D 
(nm)
le 
(nm) 
R0 33 137 0.4 0.4 -0.8 0.1 6 4.2 
R0.1 37 108 1.5 0.2 -0.8 0.2 4.5 3 
R0.5 55 193 1.6 0.2 -0.8 0.21 2.5 2.2 
R2 69 232 1.9 0.3 -0.8 0.21 2.2 2.1 
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Fig. 4.14 (a) Room temperature electrical resistivity of the WC/a-C thin films vs. carbon content and 
values from the literature for WC thin films. (b) Electrical resistivity vs. temperature. The solid lines 
are the best fit with the grain boundary scattering model. 
 
The temperature dependence of the resistivity curves is shown in Fig. 4.14b. The ρ(T) 
curves exhibit a negative temperature coefficient of resistivity (TCR) characteristic of low 
degree crystallized materials where scattering of electrons against grain boundaries and point 
defects become important. According to the grain boundary scattering model [78,79] the 
electrical resistivity in such materials can be described by  
)/()/(
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where me* is the effective mass of the charger carriers, νF is the Fermi velocity, N is the 
density of the charge carriers, D is the grain-size parameter, L is the inner-crystalline mean 
free path, and G is the mean probability for electrons to pass a single grain boundary [76]. In 
this model, an effective mean free path LG = L×G(L/D) was introduced to describe the electron 
scattering including the grain size effect. The inner-crystalline mean free path L, describing 
the volume scattering of electrons, is limited by a temperature-invariant elastic scattering at 
lattice defects and acoustic phonons, namely, le, and by the temperature-dependent inelastic 
scattering lin, such that L-1= le-1 + lin-1. The inelastic mean free path is approximated by lin ≈ 
αT-p, where α and p are material-specific constants [59,62].  The best fits using the model 
described above are shown in Fig. 14b as continuous lines for each WC/a-C film. For the 
theoretical modeling we assumed K = me*νF/Ne2 ≈ 11×10-6 μΩ·cm2 (using an average value N 
≈ 3.5×1022 cm-3 and νF ≈ 1.0×108 cm·s-1). For all the investigated films, the representative 
values of the fitting parameters are listed in Table 4.2. 
Fig. 4.15 summarizes the principal parameters obtained for the fit: the elastic 
scattering free path le, the grain size D and the transmission probability G. From these results 
the following conclusions can be drawn out. First, the computed values of grain size, ranging 
from 6 to 2.2 nm, are in agreement with the estimated values from the broadening of the 
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XRD peaks.  Second, in the case of R0 and R0.1 films the le values < grain size D values 
suggest that the mean free path of electrons is determined mainly by the lattice defects (C 
vacancies) and by the grain boundaries. The effect of the grain boundaries is noticeable by 
the low value of the transmission probability. Third, in the case of WC1-x/a-C nanocomposite 
films the transport properties are closely determined by further reduction of the mean free 
path of electrons and crystallite sizes (with le ≈ D). In such nanocomposite films the 
scattering sites are grain boundary regions and interstitials C or W vacancies.  However, it is 
worth noting that in our WC1-x/a-C nanocomposite films the presence of the a-C matrix 
seems to not play considerable role in the electron scattering mechanisms (at least in the C 
range studied) as it is observed in the case of transition metal nitride composite films where 
insulating Si3N4 or BN as the minority phases strongly affect the electrical resistivity of these 
compounds [59,63,64]. The observed values of G = 0.1-0.2 indicate that the a-C behaves as 
semi-metallic compound in the grain boundary regions.   
 
 
 
Fig. 4.15. Elastic scattering free path le, grain size D, and transmission probability G as a function of 
the carbon atomic concentration.  
 
 
4.4. Thermal stability 
The evaluation of the thermal stability and phase transformations of these WC/a-C 
nanocomposite coatings [2,23] appear accordingly very interesting although it is less 
reported than the multilayered form. In this latter case, the multilayer structure is destroyed 
by chemical reactions between the W and C layers when annealing temperature in air 
overcomes 500 ºC [80-82]. Different crystalline compounds are formed depending on the 
relative thickness of the initial W and C layers [83,84].  
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In this section, a series of WC/a-C nanostructured films (R0, R0.1, R0.5 and R1) were 
deposited on silicon substrates and the thermal stability was followed in situ by means of X-
ray diffraction measurements up to 1100 ºC in vacuum (10-1 Pa). The thermal behavior was 
later studied by means of Raman spectroscopy measurements at certain temperatures where 
the main changes in phase composition were observed. Particularly, a fitting analysis was 
carried out on the D and G bands typical of disordered and amorphous carbon. The changes 
induced during heating are discussed in terms of the positions of D and G lines, and full 
width at half maximum (FWHM). 
 
4.4.1. Thermal evolution by in situ XRD analysis 
The X-ray diffraction patterns of the as-prepared WC/a-C films (R0, R0.1, R0.5 and R1) in 
the region of 30-50 θº are shown in Fig. 4.16. A detailed interpretation on the crystalline 
microstructure by GIXRD has been given previously (see chapter 3.4). Here, only the main 
points will be described. Asymmetric and broad peaks are observed, indicating 
nanocrystallinity and lattice defects. Indeed, the main identified phases correspond to 
hexagonal W2C and cubic WC1-x besides a peak coming from the silicon substrate. The 
crystalline character of the coatings decreases as the power ratio increases, becoming X-ray 
amorphous at the highest ratio. The increment of the power applied to the graphite target 
induces a reduction of the diffraction domain sizes. Initially, by sputtering of the WC target 
only (R0), the XRD shows a diffraction pattern that can be assigned to hexagonal W2C 
phase. The next sample R0.1 shows a drastic transformation towards cubic WC1-x phase with 
a (200) orientation, although some contribution of the W2C phase cannot be discarded. 
Higher ratios (0.5 and 1) develop (111) preferential growth of cubic WC1-x and a significant 
reduction of the peak intensity.  
 
 
Fig. 4.16.  XRD patterns of the WC/a-C coatings prepared at selected ratios over silicon substrates. 
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The four films were then submitted to thermal annealing in vacuum up to 1100 ºC 
and the phase evolution followed in situ by XRD. In Fig. 4.17 we display a sequence of the 
high-temperature XRD experiments for the coatings with the least and the highest carbon 
content, R0 and R1, respectively. 
 
 
 
Fig. 4.17. High-temperature XRD for the coatings R0 (a) and R1 (b). The WC1-x, W2C, W3C, WC and W 
patterns correspond to the JCPDS cards numbers: 20-1316, 35-0776, 42-0853, 72-0097 and 01-1203 
respectively. 
 
In the case of R0 it is observed a peak from silicon substrate about 33º due to the thin 
thickness of the sample. In this coating it is observed a change around 500 ºC from W2C to 
W3C. From 600 ºC it is noticeable a contribution of W to the diffractogram, which will be 
the highest contribution from 800 ºC. For the coating R1 no changes are observed until 700 
ºC where W2C began to be appreciable. At 800 ºC the main changes are clear. The WC1-x 
disappears and WC appears with big intensity. W2C phase is still present but it decreases 
progressively with the increment of temperature while W peak develops further. In order to 
compare the main changes among the different coatings the relative intensity of the each 
crystallographic peak has been measured.  
The high-temperature XRD diffractograms of the four coatings selected were fitted 
according to the following phases W, WC, WC1-x, W2C, and W3C depending on the 
temperature. Fig. 4.18 shows the relative intensity of the different phases as a function of the 
temperature.  
WC/a-C nanocomposite coatings 
 
 
 
M.D. Abad 109 
 
 
Fig. 4.18. Relative intensity of the different crystalline phases detected by XRD versus annealing 
temperature for the following WC/a-C samples: (a) R0, (b) R0.1, (c) R0.5 and (d) R1. 
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The intensity of each peak is normalized by dividing its maximum intensity along 
the annealing, in order to follow easily the critical temperatures for the transition between 
phases. The sample R0 (see Fig. 4.18a) constituted mainly by W2C, is the less stable, 
showing the first structural changes after annealing at 500 ºC. Above this temperature, the 
decomposition of W2C leads to metallic W. A metastable W3C phase is considered in the 
transition period between 500-700 ºC, although some authors suggest that this phase can be 
described more accurately as W3W stabilized by other elements [36]. As can be seen in Fig. 
4.18b to 18d, for ratios superior to zero the samples do not modify up to a temperature range 
of 600 to 700ºC. At this moment, the WC1-x phase transforms into W2C and WC phases that 
remains stable up to 900-1000 ºC. Similar phase transformation has been reported by 
Trindade et al. at temperatures close to 700 ºC [2]. Afterwards, they begin to decompose 
originating metallic W. Comparing the critical temperatures for these transformations no big 
differences are noticed among these samples (R0.1, R0.5, R1) whose predominant crystalline 
phase was WC1-x. Nevertheless, an influence of the variable carbon concentration inside 
these coatings can be foreseen attending to the final relative intensities of the formed species. 
Thus, the relative intensities of WC and W2C versus metallic W appear higher in Fig. 4.18c 
and 18d at temperatures above 1000 ºC. These coatings, corresponding to sputtering power 
ratios of 0.5 and 1 respectively, contained free amorphous carbon as it was stated by XPS 
and Raman analysis (see chapter 4.3.2 and 4.3.3). A nanocomposite structure formed by 
WC1-x nanocrystals embedded in an amorphous free carbon matrix may therefore act 
preserving the crystals from degradation. This represents a substantial improvement of the 
thermal stability reported in multilayer WC/C films [80-82] approximately of 500 ºC. 
Besides, the structural transformations between different phases of the W-C systems, 
formation of tungsten oxides and carbon removal are known to be present during heating.   
 
4.4.3. Thermal evolution by Raman 
With the aim of obtaining a deeper insight into these reactions Raman analysis was 
carried out on two specific samples, R0.1 (37 at.% C) and R0.5 (55 at.% C), representing the 
transition point between the nanocrystalline and nanocomposite structures including free 
carbon. Fig. 4.19a and 19b display the Raman spectra after annealing at selected 
temperatures between 600 and 1100 ºC where the main phase transformations were detected 
by XRD analysis for these samples.  
The bands associated to W-C stretching modes are situated at about 685 and 805 cm-1 
whilst tungsten oxides appear in the range of 200-400 cm-1 (W-O-W bending modes) and 
600-900 cm-1 (W-O stretching modes). An additional intense peak at a frequency of 960 cm-1 
is usually assigned in the literature to the stretching mode of W=O double bonds that appear 
on the boundaries of amorphous or nanostructured tungsten oxides [85,86]. The most 
dominant feature in the as-deposited films spectra, as it was stated previously, is the presence 
of D and G bands in the sample R0.5 characteristic of amorphous carbon. In both cases, the 
small peaks at ∼675 and 810 cm-1 related to W-C stretching modes are clearly identified up 
to 900 ºC. Above this temperature, new fine peaks at 270, 340, 630 and 698 cm-1 develop 
indicating an incipient oxidation of the W-C phases. Besides, in the sample R0.5 (Fig. 4.17b) 
we can observe simultaneously a significant sharpening and increase in the signal of D and G 
peaks up to 700 ºC. This is in accordance with a progressive crystallization of the initial 
disordered amorphous carbon phase towards nanocrystalline graphite [51]. At 900 ºC, these 
bands diminish due to carbon removal, probably in the form of CO gas [81], and the new 
oxide peaks at lower frequencies appear mixed with the carbides. Attending to the final 
spectrum at 1100 ºC obtained for both samples, it can be concluded that oxidation has further 
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progressed with the development of a broad band centered around 770-780 cm-1. 
Comparatively, the oxidation has been higher in the case of the R0.1 sample where the 
intensity of this band is significantly enhanced besides of the intense peak at 960 cm-1 
attributed to terminal W=O bonds. These results point to a higher thermal and oxidation 
resistance of the R0.5 sample where the presence of an unbound carbon contribution was 
manifested by Raman analysis. Further investigation was then undergone in this R0.5 sample 
by studying the variation of the positions and full width at half maximum (FWHM) of D and 
G lines as a function of the annealing temperature. 
 
 
 
Fig. 4.19. Raman spectra for the samples (a) R0.1 and (b) R0.5 after annealing at selected 
temperatures from 600 to 1100 ºC. The spectra for the as-deposited samples are also included for 
comparison purposes. 
 
Fig. 4.20a and 20b present the changes in the position and FWHM values for the D- 
and the G-peak respectively derived by fitting each Raman spectrum for the R0.5 sample. No 
significant variations are observed in both parameters up to 600 ºC. Initially, the position of 
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D line is 1384 cm-1, (cf. Fig. 4.18a) which shifts downward 1340-1350 cm-1 after 600ºC. The 
variation of the FWHM values for the D-peak exhibits a similar trend showing a marked 
decrease at 700 ºC and then steadies. On the other hand, the G line (Fig. 4.20b) experiments 
an upward shift from 1584 cm-1 to 1594 cm-1 up to 700ºC and thereafter decreases to the 
initial value. The peak width also is observed to reduce clearly until that temperature where 
the trend is slightly reversed. These changes are consistent with an increase ordering of the 
initial disordered sp2-C bonded matrix, (i.e. reduction of bond-angle and bond-bending 
disorder). The temperature of 700 ºC represents therefore the critical point where the 
amorphous carbon phase reaches its maximum ordering exhibiting the characteristics D and 
G parameters for a nanocrystalline graphite [51,87]. Further annealing leads to a significant 
decrease of the carbon content because it may effuse out by effect of the oxygen partial 
pressure. The residual carbon exhibits a decrease in the clustering of the sp2 phase into 
ordered rings and the Raman features evolve again towards those of disordered amorphous 
carbon phases [88]. The limit transition temperatures are consistent with those determined by 
in situ XRD.  
 
 
Fig. 4.20. Variations in the positions and FWHM values of D (a) and G (b) peaks for the sample R0.5 
as a function of the annealing temperature. 
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4.5. Mechanical and tribological properties 
The main motivation of this section is to understand the tribo-mechanical behavior of 
this type of nanocomposite by the establishment of correlation between phase composition, 
film microstructure and tribo-mechanical properties. The mechanical and tribological 
properties are measured and compared depending on the relative amount of amorphous and 
crystalline phases.  
 
4.5.1. Mechanical properties 
Table 4.3 provides the mechanical properties as a function of the total and 
amorphous free carbon contents. The maximum hardnesses are obtained for the R0 and R0.1 
samples (36 and 40 GPa respectively) with C content around 35 at.%. The remaining 
samples exhibit average values between 15 to 25 GPa showing C contents above 50 at. %.  
 
Table 4.3. Mechanical properties for the WC/a-C samples. 
 
Comparing to the literature the values for the hardest samples are among the highest 
reported for W-C sputtered films (see Fig. 4.21a). Investigations carried out by Quesnel et al. 
[4] found a maximum microhardness (Hv=26 GPa) at a carbon total concentration of about 
40 at.%. Likewise, Voevodin et al. [8] obtained a maximum hardness of 33 GPa in WC/DLC 
nanocomposite coatings for 40 at.% C and Palmquist et al. 25 GPa [36] with 35 at.% C. 
These carbon contents are similar to those found for R0 and R0.1 samples in the range 33-37 
at.%.  In respect to the stress (see Fig. 4.21b), our samples do not present high values of 
stress compared with the values from the literature. Gouy-Pailler et al. [68] found values 
from -5.5 to 1.5 GPa of residual stress of tungsten-carbon films deposited onto Si substrates. 
The stress of the coating is mainly dependent of the deposition technique and it is influenced 
by the growth mode.  
 
 
 
 
Mechanical properties 
Film 
Ctotal 
(at.%) 
a-C 
(at.%) H 
(GPa) 
E* 
(GPa) 
H/E* H3/E*2 
Stress 
(GPa) 
R0 33 7 36 ± 4 413 ± 40 0.086 0.265 -0.45 
R0.1 37 3 40 ±10 522 ± 149 0.076 0.228 -1.25 
R0.3 50 10 23 ± 2 334 ± 55 0.069 0.111 --- 
R0.5 55 16 22 ± 4 338 ± 50 0.066 0.099 -1.61 
R1 64 26 21 ± 1 319 ± 23 0.065 0.088 --- 
R2 69 30 20 ± 2 268 ± 30 0.073 0.103 -1.41 
R3 71 31 16 ± 3 267 ± 48 0.059 0.055 -0.92 
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Fig. 4.21. Comparative analysis of hardness (a) and stress (b) of samples prepared in this work with 
the literature data. 
 
By plotting the values of hardness (H) and reduced Young modulus (E*) now as a 
function of a-C content (Fig. 4.22a) the samples can be classified into two groups. On one 
side, R0 and R0.1 (with high values of H and E* and a-C contents below 10 at.%) and on the 
other side, the remaining ones, whose mechanical properties are lower and decrease slightly 
with the increment of the a-C concentration from 10 to 31 at.%. Attending to the chemical 
and microstructural characterization carried out in these samples, this first group can be 
described as almost polycrystalline samples composed by small crystals of W2C (R0) and 
mixture of W2C and WC1-x (R0.1). This would be in agreement with the conclusion raised by 
Palmquist et al. who associated the maximum value of hardness at around 35 at. % C for a 
mixture of W2C and WC1-x phases [36]. The second group, with 10-31 at.% of a-C, can be 
defined as nanocomposite coatings comprising nanocrystalline WC1-x grains dispersed in an 
a-C matrix. The observed decrease in hardness results from the amorphization of the WC 
phase (grain size below 3 nm) and the increment of the soft a-C content. In particular, the 
enrichment in the latter limits the possibility of the nanocomposite strengthening effect to 
occur [17]. 
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Fig. 4.22. (a) Correlation between different mechanical properties: hardness (H) and reduced Young’s 
modulus (E*). (b) Elastic strain to failure (H/E*) and resistance to plastic deformation (H3/E*2), as a 
function of a-C content. 
 
Elastic strain to failure (H/E*) and resistance to plastic deformation (H3/E*2) 
(resilience) have been commonly used to correlate them with the film toughness and wear 
behavior [16,90]. The experimental determination of toughness remains a challenging task in 
thin films due to their limited thickness and the influence of the substrate [91,92]. By 
considering the equation of the “critical strain energy release for fast fracture” (Gc = πaσc/E) 
[92], with a as the length of a pre-existing crack, it is concluded that fracture toughness 
would be improved by both a low Young’s modulus and a high critical stress for fracture 
(σc), which implies the need for a high hardness. Similarly, using the equation for fracture 
toughness (KIC) measured by the crack length induced by indentation, the equation contains 
the ratio E/H under the applied indentation load [92]. Therefore, in an attempt to correlate 
H/E* and H3/E*2 with toughness and wear behavior, we have calculated them from the 
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measured values of H and E* for the coatings deposited under different conditions. In 
general, a low E* becomes desirable, as it allows the given load to be distributed over a wider 
area. However, this argument (although valid) is in contradiction to conventional fracture 
mechanics theory, which predicts a high modulus to prevent crack growth [93]. The 
calculated H/E* and H3/E*2 values are displayed in Table 4.3 and their dependence with the a-
C contents are represented in Fig. 4.22b. In a similar way to hardness, two groups are found; 
R0 and R0.1 (the nanocrystalline coatings) and the rest of them (the nanocomposite 
coatings). This is mainly consequence of the strong interdependence between H and E*. 
Within the first group, it is observed that the R0 sample exhibits the maxima in the H/E* and 
H3/E*2 parameters despite the hardest sample corresponds to R0.1. Galvan et al. [16] 
suggested that the total lack of columnar boundaries, as R0 does (cf. Fig. 4.11a), leads to 
further toughness enhancement and an improved resistance to plastic deformation. The 
samples from the second group show very similar values indicating a comparable behavior in 
terms of toughness and resilience. However, this conclusion can not be extended for the 
tribological properties as we discussed next. 
 
4.5.2. Tribological properties 
4.5.2.1. Friction coefficient and wear rate 
Friction coefficient (μ) and film and ball wear rates (K) are shown in Table 4.4. It 
should be mentioned that the Kfilm values for samples R0 and R0.1 are not provided due to 
the transfer of mating material (steel) to the surface making impossible the estimation of the 
wear track as it will be explained in the next sub-section together with the tribo-mechanism. 
Friction coefficient exhibits a decrease from 0.8 to 0.2 by increasing the a-C content. 
 
Table 4.4. Tribological properties of the WC/a-C films 
 
Fig. 4.24 shows a comparative graph displaying the friction coefficient found in the 
literature data together with the samples of this work as a function of the carbon content. In 
the region below 30 at.% C the crystallographic structure of these W-C films was similar to 
that of the tungsten-carbon solid solution as already reported by Quesnel et al. [4] and the 
measurements of the tribological properties has not so been almost studied. From 30 to 45 
at.% C are found the highest values of friction coefficient. The biggest dispersion on data 
were found for C contents between 45 and 60 at.% where friction coefficients can vary 
Tribological properties 
Film 
Ctotal 
(at.%) 
a-C 
(at.%) µ Film wear rate, Kfilm (mm3/Nm) 
Ball wear rate, Kball 
(mm3/Nm) 
R0 33 7 0.84 ± 0.01 - 6.5×10-7 ± 3.5×10-8 
R0.1 37 3 0.81 ± 0.01 - 6.1×10-7 ± 8.6×10-8 
R0.3 50 10 0.59 ± 0.13 9.9×10-6 ± 3.3×10-6 8.8×10-6 ± 9.5×10-6 
R0.5 55 16 0.49 ± 0.03 4.4×10-6 ± 2.1×10-6 1.6×10-5 ± 1.3×10-6 
R1 64 26 0.35 ± 0.01 2.0×10-6 ± 1.7×10-6 1.7×10-6 ± 2.2×10-6 
R2 69 30 0.20 ± 0.01 7.2×10-8 ± 8.6×10-9 2.1×10-8 ± 1.4×10-8 
R3 71 31 0.19 ± 0.04 4.4×10-8 ± 1.0×10-8 3.2×10-8 ± 3.4×10-9 
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between 0.7 and 0.2 for similar C content for different authors. The lowest values are found 
for C content higher than 65 at.% where the average friction coefficient is around 0.2. 
 
 
Fig. 4.23. Friction coefficient of samples prepared in this work together with the literature data for 
comparison purposes as a function of the C content. 
 
In Fig. 4.24 the values of the friction coefficient and ball and film wear rates are 
represented as a function of the a-C content. Three regions can be distinguished from these 
two graphics.  
- a-C<10 at.%; this region presents very high values of friction coefficients and the film 
wear rate was not possible to be measured in spite of not having very high ball wear 
rate (∼10-7 mm3/Nm). 
- 10 at.%<a-C<30 at.%; medium friction coefficient (from 0.6 to 0.3) and high values of 
both film and ball wear rate (∼10-6 mm3/Nm). 
- a-C>30 at.%; this third region presents the lowest friction coefficient (0.2) and ball and 
film wear rate (∼10-8 mm3/Nm). 
 
The variation of the wear rate of the films along the two last regions (nanocomposite 
coatings) appears to correlate with the average friction coefficient that in turns is mainly 
influenced by the fraction of lubricant a-C phase inside the coating. Similar behavior has 
been highlighted in other self-lubricant hard nanocomposites where the film wear rate is not 
inversely proportional to the film hardness, as predicted by the Archard´s law [94], but rather 
controlled by the properties of the lubricant phase [10,95]. 
 If we compare now the values obtained for the ratios H/E* and H3/E*2 with the film 
wear rates it is clear that the best results are not obtained from the hardest samples (i.e. the 
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most resistant to plastic deformation). In fact, as previously highlighted, a significant 
improvement is obtained for the samples that possess sufficient lubricant phase to tune the 
wear mechanism from abrasive to lubricant. The samples prepared with low amorphous 
carbon content (the nanocrystalline R0-R0.1), exhibits limited amount of a-C and their 
tribological performance is worse despite enhanced hardness properties. These results differ 
from some previous publications, where the correlation between wear resistance and H/E* 
ratios was emphasized [90,96]. The tribological behavior is indeed controlled by the friction-
induced phenomena at the contact as we showed in our recent publications [95,97] and the 
prediction of the wear rate performance by estimation of the H3/E*2 ratios appears 
inappropriate.  
 
 
 
 
Fig. 4.24. (a) Friction coefficient and (b) ball and film wear rate as a function of the a-C content. 
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4.5.2.2. Analysis post-test  
In order to have a better insight about the chemical phenomena occurring at the 
contact area, responsible of this different tribological behavior, analysis of the ball and film 
surfaces after testing is carried out by Raman and SEM/EDX. R0.1, R0.5 and R2 coatings 
have been selected as representative of high, medium and low friction regimen respectively. 
This corresponds in term of a-C contents 3, 16 and 30 at.%, respectively. 
 
I. SEM/EDX 
i) High friction coefficient: R0.1 sample 
Ball and disk worn surfaces of R0.1 sample are shown in Fig. 4.25. When sliding 
against steel, a high friction coefficient of about 0.8 is observed for the samples with less a-C 
content (R0 and R0.1), whose predominant crystalline phases were W2C and WC1-x. Due to 
the great difference in hardness between these two coatings (35 < H< 40 GPa) and steel (H= 
5-6 GPa), they let to an abrasive wear of the softer steel in the frictional contact area 
inducing a high friction. A material transfer to the film wear track occurred as can be seen in 
Fig. 4.25 (b). A SEM/EDX line scan of the wear track indicated that a significant high 
amount of adhered iron oxide is detected in the coating wear track (Fig. 4.25d) while the 
wear scar on the corresponding steel ball is covered by a mixed tungsten carbide – iron oxide 
as it will be demonstrated later. With EDX spectrum (not shown) is not possible to 
distinguish oxides phases and Raman studies are necessary.  
 
 
Fig. 4.25. SEM micrographs of ball wear scar (a) and wear track (b). (c) The corresponding SEM/EDX 
line across the wear track of (b). (d) Detail of zone indicated in (b) showing the material transfer from 
steel to wear track coating. 
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 ii) Medium friction coefficient: R0.5 sample 
In the middle region, (R0.3-R1), friction coefficients between 0.6 and 0.35 and high 
values of film (∼10-6) and ball (∼10-5-10-6) mm3/Nm wear rates are found. Wear track for 
R0.5 film with 16 at.% a-C, Fig. 4.26b, is characterized by surface deformation in the form 
of longitudinal grooves produced by hard debris particles entrapped within the track. In this 
case, both high friction and wear values registered are originating from a high concentration 
of hard WC1-x phase in this zone. Therefore the production of the abrasive wear particles 
during frictional contact contributed to accelerate the coating damage by cracking or 
spallation achieving high friction and high wear rate.  
 
 
Fig. 4.26. SEM images of the counterfaces: (a) ball and (b) coating of R0.5 sample. 
 
 
iii) Low friction coefficient: R2 sample 
For the highest content of a-C (R2 and R3), low friction values in combination with 
low wear rates are obtained (μ<0.2 and k ∼10-7–10-8 mm3/Nm). The SEM pictures of both 
counterfaces depicted in Fig. 4.27 demonstrate the excellent tribological behavior in this 
region. The ball scar and wear track are significant smaller (cf. the scale bars with Fig. 4.25 
and Fig. 4.26), and they are characterized by shallow grooves and no visible debris.  
 
 
 
Fig. 4.27. SEM images of friction surfaces of ball counterpart (a) and coatings (b) of frictional 
contacts of R2 sample. 
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II. Raman analysis of the friction contact regions 
Raman spectra from the as-deposited coatings, the wear track surface and the transfer 
film formed on the ball counterfaces for selected representative samples are given in Fig. 
4.28. The main features that appear after friction correspond to the formation of metal oxides 
and the incipient development of D and G peaks. 
The Raman spectrum of the transfer layer formed on the steel counterpart of sample 
R0.1 (Fig.4.28a) showed the presence of bands at 720 and 945 cm-1 which can be assigned to 
a mixture of iron and tungsten oxides, called in the literature ferritungstite [98]. The strong 
broadening of the bands observed in the experimental Raman spectra of this ferritungstite 
allows one to suggest that the formed compound presents a very structural disorder, 
indicating low crystallinity. The peak at 945 cm-1 is also possible to be assigned due to the 
literature to the stretching mode of W=O double bonds that appear on the boundaries of 
amorphous or nanostructured tungsten oxides [85]. These results correlate with the strong 
interaction of the steel counterpart with the film surface for these samples whose wear rates 
were not possible to be measured in agreement with the SEM/EDX findings. Very weak 
peaks in the range of 1300-1600 cm-1 corresponding to the graphite-like carbon were also 
observed for the track together with a peak at 880 cm-1 from crystalline WO3 [82]. It seems 
that during friction there is a small liberation or formation of a-C, but not enough for 
lubricating the contact region.  
In the case of 16 at.% a-C (Fig. 4.28b) the Raman spectrum of the transfer layer 
formed on the steel counterpart showed broad peaks within the range 220-650 cm-1 
characteristic of iron oxides [99]. The two peaks at 220 and 283 cm-1 can be assigned to the 
hematite (α-Fe2O3) and the peak at 388 cm-1 to the maghemite (γ-Fe2O3 ) [100]. The two 
broad Raman peaks at about 1360 cm-1 and 1600 cm-1 are characteristic of disordered sp2 
carbon indicating that some of a-C was transferred from the film to the ball. An interesting 
observation was the appearance of iron oxide in both surfaces (wear track and ball scar) 
which clearly indicates that when the amount of lubricant phase is scarce, the high friction 
promotes the reaction with the steel ball and film oxidation.  
For higher amorphous carbon content (30 at.% a-C) the signal of C-C bonding was 
detected either in the track or the ball (Fig. 4.28c). The adhered material on the ball scars 
comes from the nanocomposite WC/a-C films. Besides, we could observe a significant 
sharpening in the signal of D and G peaks. This is in accordance with a crystallization of the 
initial disordered a-C phase towards nanocrystalline graphite [51]. Additionally, a small peak 
of WO3 was detected due to the coating and ball material oxidation. The possible influence 
of the formation of metal oxides on the tribological properties of WC/a-C nanocomposites is 
the increase of the friction coefficients above the 0.1 level [9]. 
It is important to notice the good agreement between thermal stability (section 4.4) 
and phases found after the tribo-test. The coatings with less a-C (R0.1), mainly composed by 
W2C and WC1-x nanocrystals, were found to be the most unstable. Nevertheless, a formation 
of a-C covering the WC1-x (R0.5) prevents the degradation of the film. By studying the 
Raman post-test, as the same way, R0.1 suffered a tribo-oxidation process where Fe and W 
are alloyed together with the oxygen. Nevertheless, this kind of allegation was not found for 
the R0.5 film, where Fe-O or W-O was formed.  
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Fig. 4.28. Raman spectra obtained from the ball scars and the wear tracks after the tribo-testing in 
comparison with the initial film spectra for films R0.1 [7 at. % a-C] (a), R0.5 [16 at.% a-C] (b) and R2 
[30 at.% a-C]. 
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4.5.3. Wear modes 
Attending to the film microstructure, crystalline and chemical composition presented 
in this work we can try to explain the observed tribo-mechanical performance:  
o Group nanocrystalline W2C and/or WC1-x coatings (R0 and R0.1): The main 
characteristic of these coatings is the major presence of crystalline W2C and 
WC1-x phases with grain sizes ranging 5 to 10 nm and scarce a-C contents (< 7 
at.%). They posses high hardness (35-40 GPa), maximum toughness and 
resilience but poor lubricant properties. If the contact interface between the ball 
and the nanocrystalline WC coating under plastic contact has enough adhesive 
bonding strength to resist relative sliding, large plastic deformation caused by 
dislocation is introduced in the contact region under compression and shearing. 
These coatings interact severely with the steel counterface producing wearing 
of the ball and iron transfer to the wear track. Tungsten oxide and mixed iron-
tungsten-oxide (ferritungstita) are the evidences of these tribochemical 
reactions.  
o Group hard-moderate nanocomposite WC1-x /a-C coatings (R0.3 to R1): This class 
can be defined as hard nanocomposite coatings (hardness between 23 and 21 
GPa) composed of very small WC1-x nanocrystals (∼2 nm) surrounded by an 
amorphous carbon matrix. For the lowest a-C contents, where there is 
accordingly a higher concentration of  the hard WC1-x phase, the production of 
abrasive debris particles contributes to accelerate the degradation of the coating 
achieving high frictions and high wear rates. In many cases these reaction 
products adhere strongly to the surface. An abrasive/adhesive (more abrasive) 
wear mode can be identified for these coatings. When the a-C concentration is 
increasing, 26 at.% (R1) it can be seen how there is a diminution of friction 
together with the wear rate. The reasons behind this tribological improvement 
must be found both in the presence of an amorphous carbon matrix, that plays 
the role of a self-lubricant phase diminishing the friction coefficient, and the 
reduction of hard WC1-x debris particles promoting abrasive wear of the 
coatings.  
o Group lubricant nanocomposite WC1-x/a-C coatings (R2 and R3): These 
nanocomposites are formed by a poor crystallized WC1-x phase embedded in an 
major amorphous carbon matrix. The hardness of these coatings are lower (16-
20 GPa), nevertheless very good tribological properties are found at the same 
time. This good tribological behavior compared with the hard-moderate 
nanocomposites can be explained by a change in the wear mechanism from 
mixed abrasive/adhesive to pure sliding controlled by the a-C phase supply to 
the contact. When the a-C phase is over 30 at. % a lubricant mechanism is 
found. The formation of a carbonaceous third body material in the contact 
preserves the counterfaces from degradation and promotes an easy shear of the 
sliding surfaces. Under these conditions, the specific wear rates reach values in 
the range of 10-8 mm3/Nm, which are below typical wear rates of hard metal 
carbides and nitrides and comparable to that of metal doped or pure DLC 
coatings. Concerning friction, values as low as 0.2 for coatings with ∼30 at.% 
of a-C are appropriated for operating in dry lubrication conditions similarly to 
many DLC and carbon-based compounds used in tribological applications 
[101]. 
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4.5.4. Final discussion: correlation between region, structure and wear 
mechanism 
The study of the mechanical and tribological behavior of our coatings has been useful 
for clarifying the different mechanical and tribological behavior of the WC coatings found in 
the literature, presented in Fig. 4.2a and b, where multiple changes are observed as a function 
of the carbon content. Three regions were distinguished depending on the amount of C in 
respect to the observed friction coefficient and hardness values independently, of the 
hydrogen content or used deposition procedure. These categories can be explained attend to 
the different wear modes observed in our coatings. Fig. 4.29 shows the hardness and friction 
coefficient for the coatings deposited in this work together with some relevant features 
extracted from the previous characterization.  
Region I. Below 30 at.%. Solution of C in bcc α-W phase, named W(C) films. WC 
phases were not detected in this region. W-rich tungsten carbide films were not thoroughly 
investigated in this work. None of our coatings belongs to this category. 
Region II. From 30 to 45 at.% C. It was found the highest hardness and also the 
highest values of friction. This region is composed of nanocrystalline W2C and/or WC1-x, but 
always with a minimum quantity of free amorphous carbon. It is known that nanocrystalline 
coatings, in special if they are formed by different phases, are between the hardest materials 
[18]. An adhesive wear mode was identified and in the friction contact region Fe-W-O 
phases were observed by Raman either in the ball and track counterfaces.  
 
Fig. 4.29. Hardness and friction coefficient of the WC/a-C nanocomposite coatings deposited in this 
work together with the regions defined and the structure, a-C (at.%) and wear mechanism found.  
 
Region III. Decreasing of the hardness and friction coefficient with the carbon content 
is the main particularity of this region. The majority of the published papers have produced 
their coatings in this region due to the good compromise between relative high hardness and 
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low friction coefficient. The structure of these coatings is composed of nanocrystalline WC1-x 
embedded in a matrix of a-C. Inside this group two different friction/wear behaviors were 
highlighted: 
 
a) The hard-moderate WC/a-C films studied in this work are within this subgroup. When 
the a-C was between 10-30 at.% moderate high values of hardness are found, 
together with high film wear rates and friction coefficients. The wear 
mechanism found for these coatings is characterized by its abrasive character. 
The formation of hard debris of WC1-x/a-C, coating as third body in the contact, 
accelerates the wear and oxidation of steel particles. Iron oxides were produced 
together with hard debris of WC1-x which made to have abrasive particles and 
high friction coefficients.  
b) The lubricant nanocomposite coatings are in this subgroup. When the a-C is enough, 
over 30 at.%, a small decrease of the hardness and a very good friction 
coefficient and low wear rates are found. The formation of a carbonaceous third 
body material in the contact of these coatings preserved the counterfaces from 
degradation and promoted an easy shear of the sliding surfaces. Under these 
conditions, the specific wear rates reached values in the range of 10-8 mm3/Nm, 
which are below typical wear rates of hard metal carbides and nitrides and 
comparable to that of metal-doped or pure DLC coatings. 
 
4.6. Conclusions  
Nanostructured WC/a-C coatings with variable contents of WC and amorphous 
carbon phases were prepared by controlling the sputtering power ratio applied to WC and 
graphite targets. After studying the chemical, microstructure and phase composition by XPS, 
XRD, TEM/ED, X-SEM and Raman it can be concluded the following sequence.  
1. Initially, nanocrystalline hexagonal W2C (γ-disordered type) phase is mainly 
formed by single sputtering of WC target. The incorporation of carbon leads to 
a progressive reduction of the crystalline domain size and the nucleation of the 
cubic β-WC1-x phase. 
2. At a total C content of about 50 at.% (R0.5) the formation of composite films 
containing nanocrystallites of cubic β-WC1-x phase dispersed in an amorphous 
carbon matrix is clearly manifested.  
3. Further increase of the R parameter leads to a progressive increment of the free 
amorphous carbon content becoming comparable to the crystalline fraction at 
R2, and predominant for R3.  
 
The optical properties of these WC/a-C films have been investigated by ellipsometric 
measurements in the optical range of 1.5-5 eV. The dielectric functions of W2C and WC1-x 
phases were described by the standard Drude-Lorentz model. The free electron relaxation 
times and the optical free electron density obtained from the fitted Drude-Lorentz model are 
in the range of τ ≈ 4×10-16 s and N ≈ (3-4)×1022 cm3. Spectroscopic ellipsometry revealed the 
high sensitivity of the optical constants to the chemical composition of the composite WC/a-
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C films. This technique proved to be very useful for elucidation of phase composition in 
multicomponent films.  
The electrical properties of the WC/a-C films are well correlated with crystal phase 
formation and morphological evolution as a function of amorphous carbon content. The 
results of theoretical fitting using the grain boundary scattering model allowed the 
identification of electron scattering mechanisms. Point defects and grain boundaries in the 
crystalline phase constitute the main scattering sites in coating consisting of hexagonal W2C 
and cubic WC1-x with low a-C contents while in WC1-x/a-C nanocomposites the electron 
scattering is limited by the crystallite size. In both type of samples, the matrix of a-C seems 
do not play a significant role, at least in the C range studied. 
The thermal behavior of a series of WC/a-C coatings was studied by annealing in 
vacuum (10-1 mbar) and the structural and phase transformations followed by in situ-XRD 
and Raman analysis. The influence of the carbon content, controlled by the sputtering power 
ratios, is manifested both in the crystalline transformation as in the thermal stability of the 
formed phases. The thermal stability is increased by the presence of an amorphous carbon 
matrix that helps the stabilization of the tungsten carbide phases and increases the oxidation 
resistance. This was evidenced by thermal annealing up to 1100 ºC when higher 
concentration of carbide phases (W2C and WC) by decomposition of WC1-x is observed if 
free carbon was initially present. Besides, this carbon in excess can prevent the oxidation at 
high temperatures of tungsten phases by partial removal forming CO species. An increased 
ordering of this sp2 bonded amorphous carbon phase towards nanocrystalline graphite is 
observed up to 600-700ºC. Moreover, the contribution of this free amorphous carbon phase 
is expected to be beneficial for the reduction of the friction conditions playing the role of 
lubricant in hot/severe conditions. 
The determination by XPS of the fraction of carbon atoms bonded to tungsten (WCx 
phases) or bonded to carbon (as a-C matrix phase) turned out to be fundamental for 
understanding the mechanical and tribological behavior of the coatings. Thus, the transition 
points are determined around 10 and 30 at.% of a-C (expressed in terms of total carbon 
content ≈50 and 70 at.%). This is also correlated with a microstructural transition point from 
nanocrystalline sub-stoichiometric WC to nanocomposite WC1-x/a-C coating, and the second 
point to WC1-x/a-C nanocomposite coatings with majority of a-C. 
The nanocrystalline coatings are characterized by high hardness (36-40 GPa) but high 
friction (0.8) (region II). In the lubricant nanocomposites (region III, group a), when the a-C 
becomes the dominant phase the friction can be reduced to ~0.2 with excellent wear rate in 
the range of 10-8 mm3/Nm and moderate hardness (15-20 GPa). The friction mechanism 
appears thus controlled by the supply of disordered sp2-bonded carbon to the contact. When 
it is insufficient, the hard tungsten carbide debris particles are responsible of abrasive wear 
and high friction conditions (region III, group b).  
In conclusion, it is demonstrated the advantageous of this simple sputtering route with 
separate targets for the hard and the soft lubricant phase to control the microstructure, 
chemical composition and therefore the tribo-mechanical properties for selected applications. 
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Chapter 5 
TiBC/a-C nanocomposite coatings 
 
 
This chapter is divided into three main blocks. In the first one, the chemical and 
microstructural characterization is carried out by many different techniques (SEM, TEM, ED, XPS, 
RAMAN, ELNES, XANES, EXAFS, Raman...). In the second part, optical and electrical properties will 
be studied and related with the previous exhaustive characterization. In the third and final part, the 
mechanical and tribological behavior will be investigated for these coatings, compared with the 
literature data and correlated with the previous characterization in order to understand the role of the 
microstructure and phase composition on the observed performances. 
 
5.1. Introduction 
During the past decade, many research efforts have focused on the development of 
multicomponent and multifunctional coatings based on a nanocomposite design, with the 
purpose of increasing a material’s performance under severe corrosion, oxidation, and 
environmental conditions [1-3]. Nanocomposite coatings are typically formed from the 
combination of at least two immiscible phases: two nanocrystalline phases or, more 
commonly, an amorphous phase surrounding nanocrystallites of a secondary phase, typically 
consisting of nitrides, carbides, borides, or silicides. Ti-B-C coating systems are one of the 
promising nanocomposite coatings systems exhibiting superior hardness, good tribological 
properties, and high oxidation and corrosion resistance [4-9]. Many variations of Ti-B-C 
nanocomposites have been produced, due to the feasibility of plasma-assisted physical vapor 
deposition [4-23] and chemical vapor deposition methods [24,25] that allow the formation of 
metastable phases out of thermodynamic equilibrium. Fig. 5.1 shows a ternary diagram that 
summarizes the selection of Ti-B-C coatings found in a literature survey.  
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Fig. 5.1. Elemental chemical composition of the deposited Ti-B-C nanocomposite coatings found in a 
literature survey on a ternary diagram. The lines show some of the binary systems formed between 
TiB2, TiC and C.  
 
The chemical composition and desired properties of the coatings can thus be tuned 
depending on the deposition technique and the experimental conditions used. For instance, in 
the early works of Mitterer et al. [4] Ti-B-C coatings were produced by sputtering of a target 
of TiB2 in an argon and C3H8 atmosphere. He was the first to suggest that the formation of a 
ternary TiBxCy phase derived from the incorporation of C or B into the TiB2 or TiC phase, 
respectively. Almost simultaneously, Knotek et al. [5] sputtered a TiB2 target with an 
Ar/CH4 atmosphere, and discussed the possible incorporation sites of carbon in the 
hexagonal TiB2 cell (see Fig. 5.2). 
 
 
 
Fig. 5.2. Schematic diagram of pure TiB2 and Ti-B-C crystal cells and possible incorporation sites of 
the C atoms [5,16]. 
 
The new phase observed in this work showed exceptionally good values of hardness 
(~70 GPa) [5]. Years later, Mitterer et al. [9] deposited this time Ti-B-C coatings by the 
direct co-sputtering of TiB2 and TiC targets with Ar. The elemental composition was found 
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to follow to the quasi-binary TiB2-TiC tie line of the Ti-B-C phase diagram (cf. Fig. 5.1).  
The hardness values of the coatings were extremely high, reaching values of ~70 GPa for 20-
25 at.% C. Mitterer attributed this superhardness to a nanocomposite structure comprising 
nanocrystals of TiC in a quasi-amorphous TiB2 phase, or a nanocrystalline TiB2 dispersed in 
a quasi-amorphous TiC phase.  
Fig 5.3a shows a summary of the hardness values vs. C content of Ti-B-C 
nanocomposites. Very high hardness values have been found for some authors (∼ 70 GPa for 
20-25 at.% C) This represents an improvement with respect to the individual phases (68 GPa 
for TiB2 and 42 GPa for TiC).  In conclusion, Ti-B-C coatings can exhibit high hardness with 
a strong dependence on the deposition process, although the origins of the composition and 
mechanical property relationship were not thoroughly assessed (nanocomposite structure or 
ternary TiBxCy phase). 
 
 
Fig. 5.3. Comparative graph of hardness (a) and friction coefficient (b) properties of Ti-B-C samples 
from the literature. 
 
In most of the reported publications, the emphasis was placed in the hardness 
improvement, but the tribological properties were not the primary object of study. Fig. 5.3b 
shows the friction coefficient values found in the literature data vs. C content. Gilmore et al. 
[11] was the first to deposit Ti-B-C films by sputtering TiB2 and C targets, resulting in 
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nanocomposite coatings with self-lubricating properties. The carbon phase dispersed in a 
hard wear-resistant matrix can act as a reservoir of the lubricant phase throughout the 
thickness of the hard coating. Studies using X-ray photoelectron spectroscopy (XPS) of the C 
1s confirmed the existence of the TiBxCy phase, previously revealed by X-ray diffraction 
(XRD) for Mitterer [4] and Knotek [5], and the segregation of carbon in the form of an 
amorphous matrix (a-C; labeled as DLC by the authors). The carbon was preferentially 
incorporated in the TiB2 lattice, and it was necessary to attain an overall C content of 
approximately 50 at.% before the lattice became saturated. Friction reduction was achieved 
due to the formation of a distinct carbonaceous phase. It was found that a minimum of 
approximately 20 at.% of a-C phase was required to provide a significant lubricating effect, 
although the hardness was reduced.  
The purpose of this work is to report the correlation of structure, mechanical 
properties and tribological performance of magnetron sputtered TiBC/a-C thin films using an 
alternative approach based on the co-sputtering of a unique combined TiC:TiB2 (60:40) 
target and a graphite carbon. By changing the sputtering power applied to each target, a 
series of coating is prepared where the proportion between nanocrystalline titanium boride, 
titanium carbide or titanium boron-carbide and amorphous carbon phases is tailored. Then, a 
extensive characterization is carried out by different spectroscopic and microscopic 
techniques with the aim of determining the characteristic features and distribution of phases 
inside the nanocomposite. XRD, TEM, and ED techniques are used for investigating the 
crystalline phases, EELS, XANES, EXAFS are used for studying the nanocomposite fine 
structure and XPS and Raman spectroscopy for characterizing the carbon phase as a function 
of the film deposition parameters. Optical and electrical properties are measured and related 
with the microstructural characteristics. With the obtained information is possible to 
correlate synthesis parameters, film structure, and phase composition with the measured 
tribological and mechanical properties. This complete study will help to understand the 
previous literature reported on this system and will serve as a guide for a tailored synthesis of 
these materials with the desired properties depending on the foreseen application. The 
samples are labeled for simplicity as TiBC/a-C, although a mixture of different crystalline 
phases and variable stoichiometry may be present 
This chapter will be subdivided into three parts. In the first one, the chemical and 
microstructural characterization carried out by many different techniques will be exposed. In 
the second part, optical and electrical properties will be studied and related with the previous 
exhaustive characterization. In the third and final part, the mechanical and tribological 
behavior will be investigated for these coatings, compared with the literature data and 
correlated with the previous characterization in order to understand the role of microstructure 
and phase composition on the observed performances. 
 
5.2. Chemical and microstructural characterization 
A series of TiBC/a-C coatings was prepared by changing the sputtering power ratio 
(R), which is defined as the ratio of sputtering power applied to the graphite target in respect 
to the TiC:TiB2 target (R= PC/PTiC:TiB2), from 0 to 3. A detailed description can be found in 
Chapter 2. The obtained films are labeled as R0, R0.2, R0.5, R1, R2 and R3 as summarized 
in Table 5.1.  
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5.2.1. Chemical composition by EELS 
The synthesis conditions such as the power applied to each magnetron and the power 
ratio are summarized in Table 5.1 along with the chemical composition for the studied 
coatings. It is worth mentioning that TiC:TiB2 sputtering power was set at 250 W from R0 to 
R1 and later reduced at 150 W for R2 and R3 in order to fulfill the power ratio with respect 
to the graphite within the limit specifications of the magnetron heads. The corresponding 
carbon power was varied between 0 and 375 W to maintain the power ratio from 0 to 3.  
 
Table 5.1. Film sputtering conditions, elemental composition, film stoichiometry of the TiBC/a-C 
coatings and crystal size (D) by XRD. 
 
 
The deposition rate of the coatings as a function of the power ratio is shown in Fig. 
5.4a. It can be noticed how the deposition rate increases almost linearly from R0 to R1 if the 
power applied to the TiC:TiB2 target is kept constant. However, the diminution of PTiC:TiB2 to 
125 W yielded a drastic reduction of the deposition rate although it tends always to increase 
at higher power ratio.  
Elemental chemical compositions of the coatings as determined by EELS are shown 
in Table 5.1 and Fig. 5.4b versus the power ratio. The total carbon content in the films 
progressively increases from 31 to 71 at.% as the power ratio is changed from 0 to 3. The 
oxygen impurities were found to be relatively high (approximately 12 at.%) for low ratios 
(R0 R0.2, R0.5). Similar values of oxygen content were found in the literature [17,25]. When 
the incorporation of carbon was more significant (for samples with ratios above 1), the 
average oxygen impurity was approximately 2-4 at.%. It is believed that the oxygen 
impurities arise from the SHS target and the tendency of titanium to trap oxygen.  
Elemental chemical composition of the coatings as determined by EELS are shown in 
Table 5.1 and Fig. 5.3b versus the power ratio. The total carbon content in the films 
progressively increases from 31 to 71 at.% as the power ratio is changed from 0 to 3. The 
oxygen impurities were found to be relatively high (approximately 12 at.%) for low ratios 
(R0 R0.2, R0.5). Similar values of oxygen content were found in the literature [17,25]. When 
the incorporation of carbon was more significant (for samples with ratios above 1), the 
average oxygen impurity was approximately 2-4 at.%. It is believed that the oxygen 
impurities arise from the SHS target and the tendency of titanium to trap oxygen.  
 
Power applied 
(W) 
Elemental composition 
(at.%) 
Film 
PC PTiC:TiB2 
R 
Thickness 
(µm) 
Ti B C 
Film 
stoichiometry 
D by 
XRD 
(nm) 
R0 --- 250 0 1.2 45 24 31 TiB0.53C0.70 - 
R0.2 50 250 0.2 1.6 47 17 36 TiB0.36C0.78 - 
R0.5 125 250 0.5 1.7 44 17 39 TiB0.39C0.90 - 
R1 250 250 1 1.6 39 12 49 TiB0.31C1.27 ∼2 
R2 250 125 2 1.1 25 15 61 TiB0.59C2.48 2-3 
R3 375 125 3 1.2 17 12 71 TiB0.75C4.35 2-3 
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Fig. 5.4. (a) Deposition rate of coatings and (b) atomic percentages of C, B, and Ti estimated by EELS 
as a function of the power ratio. 
 
Fig. 5.5 compares the elemental composition of the prepared coatings on a ternary 
diagram against those found in previous works involving Ti-B-C coatings. In general, our 
results agree with the composition obtained by a group that sputtered a similar target (60% 
TiC and 40% TiB2) [7]. For the samples with low ratios (R0, R0.2 and R0.5), the chemical 
composition represents just a small deviation from the quasi-binary TiB2-TiC tie line. At 
higher ratios, the composition of the coating is within the TiB2-TiC-C region, where the three 
phases can coexist as a consequence of the carbon incorporation [21].  
 
 
 
Fig. 5.5. Elemental chemical composition of the deposited TiBC/a-C nanocomposite coatings on a Ti-
B-C ternary diagram. The lines show some of the binary systems formed between TiB2, TiC and C. A 
selection of Ti-B-C coatings found in a literature survey is also included. 
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5.2.2 Microstructure by X-SEM 
Fig 5.6 shows four fracture cross-section of the coatings R0, R0.5, R1 and R2 
examined by SEM as representative examples of the different film morphologies. The 
underlayer is only visible for the highest power ratio where the differences in chemical and 
structure are more evident. Fig. 5.6a corresponds to the R0 sample and is characterized by a 
glassy-like structure. By further increase of the carbon content, in R0.5 and R1, the layer 
becomes more dense and featureless. In the last micrograph (Fig 5.6d), two layers are clearly 
observed corresponding to the underlayer (similar synthesis conditions to R0) and coating 
itself respectively. A change of morphology is noticed, from R0 to R2, towards a more dense 
featureless structure.  
 
 
Fig. 5.6. SEM cross-section of the TiBC/a-C coatings; R0 (a), R0.5 (b), R1 (c) and R2 (d). 
 
5.2.3. Microstructural characterization by TEM/ED 
The change in morphology was further confirmed by TEM planar view observation of 
the samples. Fig. 5.7 shows four representative planar-view TEM micrographs of coatings 
prepared at growing ratios (R0, R0.5, R1 and R2) and Fig. 5.8 their associated electron 
diffraction patterns. Fig. 5.7d (R2) reveals a finer grain structure than R0 coating (Fig. 5.7a) 
whereas some fine agglomerates of 10-15 nm are observed. These morphologies can not be 
correlated with crystalline features as can be inferred from the ED analysis taken for these 
areas. Indeed, the electron diffraction pattern from R0 (Fig. 5.8a), exhibits a diffuse halo 
indicating an amorphous nature of this layer whilst the coating R2 (Fig. 5.8d), with the 
double of carbon content, some rings are now observed. This supposes an increment of the 
coatings crystallinity along with the increase of the carbon content. This could be explained 
by the formation of some crystalline phases of TiB2 or TiC but their d-spacings are very 
b)
2 µm 2 µm 
a) 
2 µm 
c) 
1 µm 
d)
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close and it is not possible to distinguish them accurately. Moreover, some authors have 
postulated the formation of a metastable monophase Ti-B-C compound when two- or 
multiphase target materials such as TiC+TiB2 are used [6]. It can be noticed that coating 
deposited using a similar target have been found to correspond to an amorphous films [15]. 
 
 
 
Fig. 5.7. TEM images of the TiBC/a-C coatings; (a) R0, (b) R0.5, (c) R1 and (d) R2. 
 
 
 
 
Fig. 5.8. ED patterns of the TiBC/a-C coatings; (a) R0, (b) R0.5, (c) R1 and (d) R2. 
 
b) c) d) a) 
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5.2.4. Microstructural characterization by GIXRD 
The results of the GIXRD analysis of the films are shown in Fig. 5.9 together with the 
reference patterns of fcc-TiC and h-TiB2. The R0 film, deposited from the mixed TiC:TiB2 
target without additional carbon, exhibits rather an amorphous structure. This appears in 
agreement with the results obtained previously by other authors that employed the same 
target composition [14,15]. As the carbon content increases, the amorphous structure of the 
R0 film progressively evolves towards nanocrystalline as can be noticed by the emergence of 
a broad feature about 35º in the XRD patterns of R1, R2 and R3 films. The presence of this 
new peak can not be conclusively associated neither to (100) of the h-TiB2 nor to (111) of the 
fcc-TiC. In fact, the formation of a ternary TiBxCy phase has been proposed by introducing 
either C into the h-TiB2 or B into the fcc-TiC lattices [4,6].  In the first case, the B vacancies 
or the substitution of B atoms by C atoms (0.97 and 0.77 Å atomic radius, respectively) can 
lead to lattice shrinkage. In the second case, the insertion of B as substitutional atoms or 
filling up the C vacancies and/or interstitial sites can expand the lattice consequently shifting 
the (111) towards the low two-theta values. In the present investigation, in the first stages the 
presence of either a substoichiometric h-TiB2-x or a ternary h-Ti(CxB1-x)2 phase is expected 
shifting the peak towards higher angles. A similar trend was observed by Park et al. [16] and 
attributed to the interstitial solid solution of carbon atoms in the hexagonal TiB2 lattice (see 
Fig.5.2). Then, when the carbon content increases over the boron the crystallization of a fcc-
TiBxCy phase can also be possible although it is difficult to know by XRD due to the low 
crystallinity. The average crystal size of this nanocrystalline ternary TiBxCy was estimated in 
2-3 nm by using the Scherrer’s equation as can be seen in Table 5.1 for R1, R2 and R3 films. 
 
 
 
Fig. 5.9. Diffractograms for the TiBC/a-C films as a function of the sputtering power ratio. (♦) 
correspond to the steel substrate.  
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5.2.5. Characterization by ELNES 
Investigation of the Ti-B, Ti-C and C-C chemical bonding nature has been carried out 
by measuring the energy-loss near-edge fine structure (ELNES) of B and C K-edges and Ti 
L-edge. In the cubic TiC, the nearest neighbor Ti-C coordination has octahedral symmetry, 
thus the Ti eg orbitals point towards the C atoms while the Ti t2g orbitals point towards the 
second Ti-Ti coordination. In the hexagonal TiB2, the Ti-B coordination has hexagonal 
prismatic symmetry thus each Ti atom has 12 nearest neighbor B atoms bonded through 
strong Ti 3d and B 2p interactions (π bonds) and the close-packed graphite-like layer of B 
atoms are bonded by the hybridized B 2s-2p orbitals (σ bonding).  
Fig. 5.10a shows the B K-edge spectra for the samples under study. Neither B4C nor 
B2O3 have been observed for these films [26]. In the case of TiB2 film, the fine structure is 
dominated by two features: a shoulder around 192 eV (π-band) and a broad band centered 
(σ-band) at 200 eV, in good agreement to what has been typically observed for TiB2 
compounds [27,28]. The spectra of the TiBC/a-C film with low C content (R0, R0.5 and R1) 
are slightly different from that of the TiB2 film, but some changes are observed on the shape 
and intensity of the π and σ peaks (new peak at 194 eV). These results suggest that there is 
an important charge transfer and hybridization modifications in the sp2 hybrids in the 
hexagonal B layer as well as in the π bonds between the Ti and B layers due to the 
amorphous character of these films or the formation of the ternary TiBxCy phase. The loss of 
fine structure with increasing the carbon content (R2 and R3 films) is well correlated with 
the decrease of total boron content in the films.   
 
 
Fig. 5.10.  Boron (a) and carbon (b) K-edge and Ti (c) L-edge ELNES spectra of TiBC/a-C films 
together with some references for comparison purposes.  
 
In Fig. 5.10b it is shown the C K-edge spectra for the same samples together with the 
two references TiC and a-C as fingerprints. The ELNES of TiC is dominated by well 
separated strong π and σ peaks of approximately equal intensity centered at ~283 eV and 292 
eV, respectively [29,30]. In the case of a-C film the main characteristics are the narrow peak 
at 285.0 eV and a broad peak centered at 295 eV assigned to the π and σ transitions, 
respectively [31]. The R0 and R0.5 films exhibit features rather similar to that of the TiC but 
the π peak intensity is reduced and the σ peak is broad compared to those of the TiC. These 
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results also indicate that there are important Ti-C bonding modifications in the amorphous 
R0 and R0.5 films. In the case of composite TiBC/a-C films with high C content (R2 and R3) 
the C K-spectra are the result of contributions from the carbide and a-C fractions. The π and 
σ transition intensities observed in the C K-edge ELNES spectra have been measured and the 
π/σ intensity ratio is shown in Fig. 5.11. With increasing the carbon content in the films, the 
π/σ intensity ratio decreases and it tends to match the one for a-C.  
 
 
Fig. 5.11.  π/σ intensity ratio for the C K-edge ELNES spectra  
 
Finally, the Ti L-edge spectra for the samples together with references of TiC and 
TiB2 are shown in Fig. 5.10c. Ti L-ELNES spectra did not differ significantly among the 
different samples to extract pertinent conclusions on the change of chemical bonding nature.  
 
5.2.6. Characterization by XANES of the Ti L-edge 
XANES similarly to ELNES is sensitive to the local coordination in the structure, 
although XANES provides a higher spectral resolution. The study of the Ti chemical 
bonding environment has been carried out by measuring the X-ray absorption spectra of the 
Ti L-edge of the films in the total fluorescence yield mode. Fig. 5.12 displays the Ti L-edge 
XANES spectra for the TiBC/a-C films, TiC and TiB2 single phases.  
The Ti L-edge consists of two set of peaks (L3 and L2) representing 2p3/2 and 2p1/2 
transitions to 3d4s states. Each peak is split into two subpeaks depending on the t2g and eg 
symmetry of the d orbitals and the energy separation depends on the degree of ionicity of the 
systems. Thus, the reported data vary from ~1.6 eV (TiC) [32] to 2.0 eV (TiB2) [33] or much 
larger (∼ 3 eV) for the TiO2 [34]. In the set of TiBC/a-C films the intensity of the L-edge 
decreases as the ratio increases indicating that the number of empty Ti 3d states is reduced. 
This can be correlated to an increased structural order of the crystalline TiBxCy phase in 
agreement to the XRD results and lower Ti atoms concentrations. Regarding the crystal-field 
splitting a high similarity is found for all the films with an energy separation measured at the 
L2 branch of 1.9±0.1 eV although the relative intensity ratio t2g/eg appears closer to TiB2 in 
the R0 sample than in the remaining samples (R1, R2 and R3). 
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Fig. 5.12. Ti L2,3-edge XANES spectra for the TiBC/a-C, TiC and TiB2 films. 
 
All the observed changes in the ELNES and XANES spectra, together with the 
information provided by TEM, ED and GIXRD, can be understood in terms of the formation 
of nanocomposite films starting from an initial amorphous TiBxCy towards a nanocrystalline 
TiBxCy phase finely dispersed into a-C matrix. XPS data and Raman analysis carried out on 
this set of samples also will confirm the existence of a ternary TiBxCy and an amorphous sp2-
bonded C-C phase respectively (section 5.2.8 and 5.2.9). Unfortunately, even though ELNES 
and XANES data did not conclusively reveal the R0's phase composition (mixed phases of 
TiC and TiB2 or single ternary TiCxBy), they pointed out that there are a mixture of Ti-B and 
Ti-C bonds and were consistent with the formation of finely dispersed crystallites embedded 
in a-C matrix. Additional theoretical and experimental work is therefore needed to elucidate 
the structural and electronic properties of the TiBC compound.  
 
5.2.7. Characterization by XANES and EXAFS of the Ti K-edge 
Fig. 5.13 shows the X-ray absorption spectra of the Ti K-edge for selected TiBC/a-C 
coatings together with TiC and TiB2 as references. The XANES spectra exhibit fine 
structures in between h-TiB2 and fcc-TiC. Similar TiC and TiB2 spectra has been published 
previously [35,36]. The slight changes in the lineshape of the deposited TiBC/a-C films and 
certain energy shift of the edge (~1 eV) are consistent with an increase in the content of 
cubic domains with the carbon addition in the samples. 
EXAFS spectrum measured above the absorption edge of titanium atoms provides 
information on the local structure independently of the amorphous or crystalline nature of the 
phases probed. The k2 weighted EXAFS signals as a function of k are shown in Fig. 5.14. 
Similar Fourier-filtered TiB2 [36] and TiC [35] spectra can be found in the literature. The 
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spectra show that the R0 sample has the lowest amplitude of oscillations of the set while 
samples with R>1 show an increase in amplitude of the oscillations corresponding to an 
increased order and cubic character [36].  
 
 
Fig. 5.13. Normalized X-ray absorption near-edge structure (XANES) data for TiBC/a-C samples 
together with those of fcc-TiC and h-TiB2 standards. 
 
 
 
Fig. 5.14. k2-weighted EXAFS of TiBC/a-C samples and fcc-TiC and  h-TiB2 references as a function of 
the photoelectron wave number k. 
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 The evaluation of the EXAFS signal was done for the TiBC/a-C films as well as the 
TiC and TiB2 references and these results are shown in Fig. 5.15. Unlike in the XANES 
spectral data, the FT-EXAFS signals of the fcc-TiC and h-TiB2 differ so much that only the 
nearest neighbor information (up to 4 Å) of the TiBC/a-C films is enough to have an insight 
of the phases present in the samples. Figure 5.15 depicts the sequence of FT spectra for the 
nanocomposite films with two main peaks at (~1.3-1.6) and ~2.64 Å. While the second peak 
has a close correspondence with the main peak measured for fcc-TiC standard [35], the first 
peak does not correspond exactly with first shell peak in the h-TiB2 standard (at ∼1.8 Å) or 
reported in amorphous/nanocrystalline TiB2 phase at 1.7 Å [37]. This shift can be associated 
to the presence of Ti-B bonds in a ternary TiBxCy phase originated by distortion of a 
hexagonal TiB2 phase by introducing C atoms. The gradual increase in the intensity of the 
second peak attributed to TiC peak with carbon addition agrees with a gradual transformation 
from a hexagonal arrangement around Ti atoms towards another containing more cubic 
domains (nanocrystalline TiC and/or TiBxCy phases). 
 
 
Fig. 5.15. Magnitude of the non-phase corrected Fourier transform of k2χ(k) to position space, |χ´(R)|, 
of TiBC/a-C samples as a function of distance R(Å), together with those of fcc-TiC and h-TiB2 
standards. 
 
5.2.8. Chemical bonding by RAMAN 
 Raman spectroscopy provides information about carbon phases present in the 
coatings. Fig. 5.16 depicts the Raman spectra for the as-deposited coatings. The spectra were 
measured under identical conditions, allowing a direct comparison of their intensities. The 
presence of the D and G peaks at 1350 and 1585 cm-1, respectively, characteristic of the sp2 
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sites of all disordered carbons [38], is more obvious when increasing the carbon content. No 
relevant features are present in the Raman spectra of the coatings with less carbon content 
(R0 to R0.5). A small increase in the peak at 1350 cm-1 is seen for the R1 sample, 49 at.% C, 
while the D and G peaks are clearly visible in the R2 and R3 samples (with carbon contents 
higher than 60 at.%). The increase in carbon content did not lead to an upward shift of the G 
peak, indicating no substantial rearrangement towards a more graphitic sp2-structure, 
although some sixfold aromatic rings may be present.  
 
Fig. 5.16. Raman spectra for the TiBC/a-C nanocomposite coatings 
 
5.2.9. Chemical bonding by XPS 
XPS analysis enables us to study the carbon bonding environment for the different 
TiBC/a-C nanocomposites. Fig. 5.17a shows the C 1s photoelectron spectra for all of the 
coatings studied in this work. The three main components of the spectra are found near 
282.5, 283.2 and 284.5 eV. The first and the latter peaks are in agreement with the typical 
binding energies of Ti-C and sp2 C-C bonds, respectively. Considering the Pauling 
electronegativities of Ti (1.54), B (2.04) and C (2.55) the position of the third carbon 
component at 283.2 eV can be assigned to a carbon atom bonded both to Ti and B (labeled as 
the TiBxCy phase), as reported previously by other authors [16,19,22]. The relative 
contribution of the C-C peak increases with higher values of R and a higher carbon content, 
corresponding to the formation of a free a-C phase.   
 In order to obtain a more quantitative insight of the compositional changes, a fitting 
analysis was carried out for the C 1s peak. Fig 5.17b shows the fitted curves of the C 1s XPS 
peak of the R0 and R3 samples, after Ar+ bombardment, corresponding to the lowest (31 
at.%) and the highest (71 at.%) carbon content, respectively. The position of the carbon 
components was fixed at 282.3 eV (CTiC), 283.3 eV (CTiBxCy) and 284.5 eV (a-C), with a 
feature at 286.0 eV (C-O) arising from surface contamination.  
 
Chapter 5 
 
 
 
Nanostructured lubricant systems for tribological applications 146
 
Fig. 5.17. (a) XPS spectra in the C 1s region for the set of TiBC/a-C films under study as a function of 
the carbon content. (b) Curve fitted XPS C1s peak for the sample R0 and R3 as representative 
examples.  
 
By comparing the areas of the different subpeaks of the C 1s spectra (a-C, CTiBxCy and 
CTiC), the relative amount of the different carbon-containing phases (xa-C, xTiBxCy and xTiC) 
were obtained. The fractions of the different bonding types, x (%), are summarized in Table 
5.2 and its evolution versus the total carbon content plotted in Fig. 5.18a. 
 
 
Table 5.2. Relative amounts of different carbon-containing phases, x (%), a-C (at.%) in the 
nanocomposite and vol.% by Maxwell-Garnett Theory. 
 
 
Elemental 
composition  (at. %) x (%) 
Volume     
(Vol.% phase) Film 
Ti B C xTiC xTiBxCy xa-C 
a-C 
(at.%) 
TiBxCy a-C 
R0 45 24 31 40 40 20 6 - - 
R0.2 47 17 36 38 43 19 7 - - 
R0.5 44 17 39 32 45 23 9 - - 
R1 39 12 49 24 46 30 15 67 33 
R2 25 15 61 19 40 41 25 42 58 
R3 17 12 71 10 41 49 35 25 75 
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It can be noticed that xTiBxCy is almost constant, maintaining a value of around 40-
45%, despite the increase in carbon in the coatings. Nevertheless, a slight decrease is 
observed for the last two coatings where the xa-C component becomes predominant. 
Considering the ternary diagram, the proportion of xa-C and xTiC can be now correlated (cf. 
Fig. 5.5). For the first three samples (R0, R0.2 and R0.5), whose elemental compositions 
were coincident in the quasi-binary tie-line TiB2-TiC, the xa-C is practically constant and does 
not vary much with the increasing C content. When the overall carbon content surpasses 40% 
(R1 and higher ratios), the film chemical composition shifts towards the region where TiB2, 
TiC and C can coexist. With an increase in the carbon content, the xa-C component increases 
monotonously at the expense of the TiC content. This can be understood in the context of the 
ternary diagram: as the composition approaches the right hand side of the diagram, the 
material is richer in C and poorer in TiC. In Fig 5.18b it is plotted the xa-C together with the a-
C (at.%) for comparison purposes. It can be seen the total parallelism between both curves as 
a function of the carbon content. 
 
 
Fig. 5.18. a) Relative amount of the different carbon-containing phases, x (%,) as a function of the total   
carbon content. b) Relative amount of a-C, xa-C (%,), together with the a-C (at.%) versus C content for 
comparison purpose. 
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From these observations, we can conclude that carbon is initially being preferentially 
incorporated into the TiB2 structure, forming the TiBxCy phase [39]. The concentration of C 
atoms existing in the a-C phase remains near 20% for the three first films, and then increases 
continuously to approximately 50%. It seems that when no more C can be accommodated 
into the TiBxCy phase, the excess appears as a free carbon phase. A similar trend was 
observed by Gilmore et al. with TiB2/DLC coatings [11]. 
 
5.2.10. Summary 
In summary, after studying the chemical and phase composition by XPS, XRD, 
TEM/ED, Raman, ELNES, XANES and EXAFS it can be concluded the following sequence. 
Initially, amorphous TiBxCy phase is mainly formed by a single sputtering of TiC:TiB2 
target. The incorporation of carbon into the TiBxCy structure leads to a progressive increase 
of the crystalline domain size and the nucleation of the TiBxCy phase. From a total C content 
of approximately 50 at.% (R1) the formation of nanocomposite films containing nc-TiBxCy 
phase dispersed in an amorphous carbon matrix is clearly manifested. Further increase of the 
R parameter leads to a progressive increment of the free amorphous carbon content and the 
nanocrystalline character of the nc-TiBxCy phase.  
 
5.3. Optical and electrical properties  
Although numerous studies related to structural and mechanical properties of TiBC 
films [4-25] have been published, minimum information is given on the optical and electrical 
properties of this material. However, TiB2 [40-43], TiC [43-46], TiCN [47-49] and TiBN 
[50-54] thin films have been exhaustively studied.  
In this subchapter, it is reported a systematic study of the optical and electrical 
properties of the TiBC/a-C films. The present study is of interest both for fundamental 
reasons and for technological applications. Stoichiometry deviation, structural disorder, and 
phase composition influence the physical properties of these materials. Moreover, knowledge 
on the relations between the chemical bonding and the electrical and optical properties of 
disordered nanocomposites can bring a better understanding of other functional properties.  
 
5.3.1. Optical properties by SE 
All the investigated films are optically opaque; therefore they can be considered as 
semi-infinite samples for ellipsometry and the measurements provide directly the complex 
dielectric function of the bulk film without any contribution from the substrate. Fig. 5.19 
shows the real (a) and imaginary (b) parts of the dielectric function ε (ћω)= ε1(ћω) + iε2(ћω)    
of the TiBC/a-C films. The spectra obtained for TiB2, TiC, and a-C films prepared by 
sputtering are also included as references. The ε1(ћω) curves for the TiC and a-C show non-
metallic behavior in the investigated photon energy range. These results are comparable to 
those reported in previous papers [47,55].  
The measured dielectric function of the TiB2 film presented in Fig. 5.18a is highly 
Drude-like in the IR and visible energy region. In metallic compound the plasma frequency 
ωp is related to the effective density of free electrons N by the relation  
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where me* and e are the effective mass and charge of the electron. Following the standard 
analysis procedure described in refs. [56] and [57], it is possible to fit the dielectric function 
using a Drude term (intra band transitions) and a set of Lorentz oscillators (interband 
transitions): 
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where ε∞ is a constant accounting for the all higher-energy interband transitions, Ep = ћωp 
the plasma energy, Γp = ћ/τ the damping factor and τ the free electron relaxation time. The 
energy where ε1 passes through zero is generally referred as unscreened plasma energy. 
The dielectric function of TiB2 exhibits a metallic Drude-like behavior with unscreened 
plasma energy ћωs ≈ 3.6 eV. The dielectric function of the R0 film exhibits a metallic 
behavior with unscreened plasma energy ћωs ≈ 3.7 eV, features located at about 2.4, 3.4 and 
4.3 eV, and a strong absorption band below 1.5 eV which can be associated to interband 
transitions. 
 
Fig. 5.19. Real (a) and imaginary (b) parts of the dielectric function in the TiBC/a-C, TiB2, TiC, and 
a-C films. 
 
 In a first attempt to elucidate the structural properties of the R0 film we supposed 
that is formed by a mixture of amorphous TiB2 and TiC phases and the optical properties are 
investigated on the basis of the generalized Maxwell-Garnet theory. According to Cohen et 
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al. [58], the dielectric function of the effective medium εMG (small metallic particles enrobed 
in and continuous non-metallic matrix) is given by the relation: 
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In Eq. 5.3, εm and εi are the dielectric constants of the metallic particles and non-metallic 
continuous matrix, Lm is the characteristic depolarization factor which depends on the shape 
of the metallic particles, and xv is the volume fraction of the non-metallic phase. For the 
fitting procedure of sample R0, the dielectric functions of the TiB2 and TiC films shown in 
Fig. 5.19 were employed as the dielectric function of the metallic and continuum milieu, 
respectively. Nevertheless, the results of the fitting were unsatisfactory; in particular the 
strong absorption observed at low photons energies in the spectrum of the R0 is not 
reproduced by the model. This discrepancy may arise from the uncertainty in the dielectric 
function of the TiB2 phase, which can be strongly dependent on the chemical composition 
and crystallite size, as well as the dielectric function of the amorphous TiC phase in the 
nanocomposite R0 material. Another plausible explanation is the existence of an amorphous 
ternary TiBxCy phase as discussed above.  
Under the hypothesis that the R0 film is a single TiBxCy phase, the R2 and R3 films 
which contain high a-C content (section 5.2.8 and 5.2.9) can be considered as two phase 
materials composed of TiBxCy small metallic particles immersed in a continuous a-C 
matrix. In such a case, Eq. 5.3 describes relatively well the composite nature of the R2 and 
R3 films. In the fitting procedure, the dielectric function of the a-C has been considered 
together with that of the R0 film. The case of the R1 film is slightly different, according to 
phase composition values deduced from EELS (cf. Fig 5.5) the major phase is the metallic 
amorphous TiBxCy. As discussed by Cohen et al [58], in metal-rich composite materials the 
appropriated equation for describing the dielectric function of small non-metallic particles 
enrobed in a continuous metallic matrix is easily obtained from the Eq. 5.3 by simple 
transformations εm ↔ εi , (1- xv) → xv , Lm→Li and find: 
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Fig. 5.20 shows the comparison of the experimental results with the prediction of the 
Cohen's model; the agreement between the calculated using the Eq. (5.3) and (5.4) and 
measured R1, R2, R3 curves is qualitatively good. The best fits have been found for Lm =Li 
=0 and x= 0.33, 0.58 and 0.75 respectively (see Table 5.2). Lm =Li =0 indicates that there are 
no induced polarization fields outside of the individual TiBxCy nanocrystallites or the small 
domains of a-C and the dielectric constant of the effective-medium is given by a simple 
weighted average of the individual dielectric constant of the metallic TiBxCy and that of the 
a-C.  
Additional information on the electrical and electronic properties of the amorphous 
TiBxCy material can be obtained by straightforward modeling the experimental dielectric 
function of the R0 film using the Drude-Lorentz model (Eq. 5.2). As shown in Fig. 5.21 the 
best approximation has been found with Ep= ћωp ≈ 5.8 eV and Γp = 1.6 eV, which 
corresponds to N ≈ 2.5×1022 cm-3 and τ ≈ 4×10-16 s.  Using the calculated optical density of 
free electrons and the relaxation time the optical resistivity is estimated to be ρop = me/e2Nτ 
= 350 μΩ·cm that is comparable to the d.c. electrical resistivity 200 μΩ·cm measured at 
room temperature as discussed below. 
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Fig. 5.20. Comparison between experimental and calculated curves (continuous lines) from the 
Maxwell-Garnett model.  
 
 
 
Fig. 5.21.  Real and imaginary parts of the dielectric function for the R0 film. The solid line shows the 
four-oscillator Drude-Lorentz fit. 
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The refractive index n and extinction coefficient k obtained from the complex 
dielectric function are plotted in Fig. 5.22 as a function of the photon energy. The n curves 
for all the TiBC/a-C films differ noticeably from that of the metallic TiB2 phase. For TiB2, n 
(ћω) exhibits a minimum at 3.60 eV with a refractive index value of 1.0. The n (ћω) curves 
of TiBC/a-C films with low a-C content also exhibit a minimum around 3.70 eV which 
progressively disappears with increasing the a-C content. Similar trends are observed in the 
k (ћω) curves (Fig. 5.22b). 
 
Fig 5.22. Refractive index n (a) and extinction coefficient k (b) spectra of the TiBC/a-C, TiB2, TiC, and 
a-C films. 
 
 
The values of refractive index and extinction coefficient obtained at a fixed 
wavelength of 600 nm (2.0 eV), n600 and k600, are plotted in Fig. 5.23 as a function of the 
carbon content for all the investigated films. Refractive indexes for the samples remain 
almost constant about 2.1. In the case of extinction coefficient, it progressively decreases as 
the carbon content increases in the films. This decrease can be associated with the changes 
in film chemical composition due to the addition of C. It is worth nothing that in many a-C 
based nanocomposite materials such as WC/a-C [59] or MoC/a-C [60] or in a-SiNx/TiN 
nanocomposites, n600 and k600 exhibit relatively low chemical composition dependence [46].  
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Fig. 5.23. Refraction n (triangle) and extinction k (circle) coefficients as a function of the carbon 
content. Open symbols correspond with the references (TiB2, TiC and a-C) and full symbols with the 
TiBC/a-C samples. 
 
5.3.2. Electrical properties by Van der Pauw method 
The room temperature (RT) d.c. resistivity, ρ, for the series of TiBC/a-C films is 
plotted in Fig. 5.24a as a function of the carbon content in comparison to the values of 270 
μΩ·cm for TiB2 films [41,42],  70 μΩ cm for the TiC films [45] and 890 μΩ· cm for a-C 
films [61]. The electrical resistivity of the TiBC/a-C composites films varies from 200 to 428 
μΩ·cm as the carbon content in the films increases from 31 to 61 at.%. The relatively high 
resistivity values observed in our films result from their amorphous/nanocrystalline structure 
[44-46]. The increases of the RT resistivity with increasing the C content correlates well with 
the changes in film morphology and chemical composition observed in these films as 
discussed above. 
Further insight on the electrical transport properties of these films can be obtained 
from temperature dependence resistivity measurements. The resistivity vs. temperature 
curves shown in Fig. 5.24b clearly indicate that the electron mobility in these films is mainly 
limited by the crystallite size and point defects. All the ρ(T) curves exhibit a weak 
temperature dependence; while ρ(T) curve for R0 shows a positive temperature coefficient of 
resistance (TCR) those of the R0.5, R1 and R2 films show negative TCR. Similar results 
were reported for TiBC nanocomposite films prepared by Levashov et al. [15]. The negative 
TCR is characteristic of low degree crystallized materials where scattering of electrons 
against grain boundaries and point defects becomes important.  
The grain boundary scattering model [62,63] was used to investigate the influence of 
the film morphology on the electrical properties of the TiBC/a-C films. According to the 
model, the electrical resistivity in such materials can be described by: 
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where me* is the effective mass of the charger carriers, νF is the Fermi velocity, N is the 
density of the charge carriers, D is the grain-size parameter, L is the inner-crystalline mean 
free path, and G is the mean probability for electrons to pass a single grain boundary. The 
inner-crystalline mean free path L, describing the volume scattering of electrons, is limited 
by a temperature-invariant elastic scattering at lattice defects and acoustic phonons, namely, 
le, and by the temperature-dependent inelastic scattering lin, such that L-1= le-1 + lin-1. The 
inelastic mean free path is approximated by lin ≈ αT-p, where α and p are material-specific 
constants [63].   
 
 
 
Fig. 5.24. (a) Room temperature d.c. electrical resistivity of TiBC/a-C thin films vs. carbon content and 
literature values of TiB2 [41,42], TiC [45] and amorphous carbon [61] thin films.  (b) Electrical 
resistivity vs. temperature. The solid lines are the best fit with the grain boundary scattering model. 
 
For the theoretical modeling we assumed the films to be composed of quasi-
amorphous (small crystallites) TiBxCy with an average value N ≈ 2.5×1022 cm-3 which leads 
to K = me*νF/Ne2 ≈ 140 μΩ·cm·nm (using νF ≈ 108 cm·s-1). The best fits using the model 
described above are shown in Fig. 5.24b as continuous lines for every TiBC/a-C film. For all 
the investigated films, the representative values of the fitting parameters are listed in Table 
5.3. 
 
Table 5.3. Typical parameters obtained for the best fit of the electrical resistivity of TiBC/a-C films 
with the grain boundary scattering model. 
 
 
 
 
 
Film 
C 
(at. %)
ρ 
(µΩ·cm)
Thickness
(μm) 
α 
(104 nm)
p G 
D 
(nm)
le 
(nm) 
R0 31 191 0.7 0.2 -0.8 0.4 2.5 2.0 
R0.5 39 254 0.8 0.2 -0.8 0.3 2.3 2.0 
R1 49 332 0.8 0.2 -0.8 0.1 3.5 2.0 
R2 61 428 0.8 0.2 -0.8 0.063 3.5 2.0 
TiBC/a-C nanocomposite coatings 
 
 
 
M.D. Abad 155 
Fig. 5.25 summarizes the principal parameters obtained for the fit: the elastic 
scattering free path le, the grain size D and the transmission probability G as a function of 
carbon content (at.%). The main parameter that controls the transport properties in these 
films seems to be the transmission probability, in fact G changes from 0.4-0.3 for R0 and 
R0.5 films to 0.063 for the R2 films while le remains constant at 2 nm. The grain sizes D 
deduced by the model agree well with crystallite sizes estimated from XRD and TEM 
experiments. In quasi-amorphous materials, such as the R0 and R0.5 films, the grain 
boundaries vanish and the electron scattering is mainly dominated by the high density of 
point defects, this explains the large G values deduced from the fitting procedure. In contrast 
to that, in polycrystalline films with small crystallites sizes (R1 and R2 films) both the grain 
boundary regions and the point defects contribute to the electron scattering; the effect of the 
grain boundaries is noticeable by the diminution of the transmission probability.  
 
 
Fig. 5.25. Elastic scattering free path le, grain size D and transmission probability G as a function of 
the carbon atomic concentration. 
 
 
5.4. Mechanical and tribological properties 
The main aim of this section is to understand the tribo-mechanical behavior of this 
type of nanocomposite by the establishment of correlation between phase composition, film 
microstructure and tribo-mechanical properties. The mechanical and tribological properties 
are measured and compared depending on the relative amount of carbon bonding type.  
 
5.4.1. Mechanical properties 
Table 5.4 provides details on the mechanical and tribological properties of the 
TiBC/a-C coatings. The hardness (H) varies between 22 and 31 GPa and the reduced 
Young’s modulus (E*) between 171 and 216 GPa.  
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Table 5.4. Mechanical properties of the TiBC/a-C coatings. 
 
 
 
 
 
 
 
 
 
 
Comparing the hardness to the literature values, these films are among the average 
values reported (see Fig. 5.26a) for similar carbon contents.  
 
 
Fig. 5. 26. Comparative analysis of hardness (a) and stress (b) of samples prepared in this work with 
the literature data. 
Mechanical properties 
Film 
Ctotal 
(at.%) 
xTiBxCy 
(%) H 
(GPa) 
E* 
(GPa) H/E
* H3/E*2 Stress (GPa) 
R0 31 40 24 ± 4 177 ± 7 0.135 0.432 -1.4 
R0.2 36 43 28 ± 2 201± 8 0.140 0.550 -2.0 
R0.5 39 45 26 ± 4 216 ± 7 0.136 0.480 -1.9 
R1 49 46 31 ± 4 216 ± 7 0.142 0.617 -2.6 
R2 61 40 22 ± 2 171 ± 5 0.130 0.376 -3.0 
R3 71 41 25 ± 1 183 ± 7 0.134 0.443 -4.5 
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The highest values of hardness (60-70 GPa) are found for the coatings with small quantities 
of C (from 5 to 30 at.%). The stresses of the coatings are in all the cases compressive and 
vary between -1.4 and -4.5 GPa. In Fig 5.26b the stress values are plotted as a function of the 
carbon content and it is possible to see how the stress increases with the carbon 
incorporation. Zhong et al. [14] found a value of 2.4 GPa of compressive residual stress of 
Ti-B-C films deposited from a target with the same composition. The increase in stress 
seems to be influenced by the increase in crystallinity observed by diffraction techniques.  
Fig. 5.27a depicts the values of hardness and reduced Young’s modulus of this work 
as a function of carbon content. H and E* display a parallel behavior between them, but a 
clear correlation with the carbon content is not observed.  
 
 
Fig. 5.27. (a) Hardness (H) and effective Young modulus (E*) and (b) elastics strain to failure (H/E*) 
and resistance to plastic deformation (H3/E*2) of the coatings as a function of the total carbon content. 
 
Fig. 5.27b shows the elastic strain to failure (H/E*) and the resistance to the plastic 
deformation (H3/E*2) for the set of coatings. These quotients have been often used to predict 
the toughness and wear-resistant behavior of the materials, since they are correlated to the 
crack propagation and the resistance to plastic deformation, respectively [64]. Similar to 
what we have observed in TiC/a-C nanocomposite coatings [65], both parameters are totally 
dependent on the coating hardness. The highest values of H/E* and H3/E*2 are found for the 
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hardest coatings (between 40 and 50 at.% C). Nevertheless, its variation is not directly 
related to the tribological properties, as can be concluded from the analysis of the friction 
coefficient (µ) and film wear rate (Kfilm) values, shown in the next point.  
 
5.4.2. Tribological properties 
Friction coefficient (μ) and film wear rates (Kfilm) are shown in Table 5.5. Friction 
coefficient exhibits a decrease from 0.79 to 0.10 and the wear rate from 2.1×10-5 to 7.1×10-7 
mm3/Nm by increasing the C content from 31 to 71 at.%.  
 
Table 5.5. Tribological properties of the TiBC/a-C films 
 
 
 
 
 
 
 
 
Fig. 5.28 shows a comparative graph displaying the friction coefficient found in the 
literature data together with the samples of this work as a function of the carbon content. In 
the region below 30 at.% C the friction coefficients are found very high. From 30 to 45 at.% 
C it is observed a noticeable decrease with the carbon content. The lowest friction 
coefficients are found for the coatings with more than 50 at.%. 
 
Fig. 5.28. Friction coefficient of samples prepared in this work together with the literature data for 
comparison purposes as a function of the C content. 
Tribological properties 
Film 
Ctotal 
(at.%) 
xa-C 
(%) µ Kfilm (mm3/Nm) 
R0 31 20 0.79 ± 0.03 2.1×10-5 ± 8.6×10-7 
R0.2 36 19 0.70 ± 0.02 1.5×10-5 ± 2.1×10-6 
R0.5 39 23 0.73 ± 0.12 2.8×10-5 ± 1.1×10-6 
R1 49 30 0.33 ± 0.03 8.5×10-6 ± 1.8×10-6 
R2 61 41 0.24 ± 0.01 2.0×10-6 ± 1.0×10-6 
R3 71 49 0.10 ± 0.02 7.1×10-7 ± 9.7×10-8 
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Fig. 5.29a shows the evolution of the friction coefficient vs. sliding distance for the 
coatings in this study. By comparison of the average friction values, two groups of samples 
can be distinguished. The first group (R0, R0.2, R0.5) is characterized by higher friction 
coefficients, between 0.79 and 0.70, with no significant changes among them. The second 
group consists of the remaining samples (R1 to R3), whose friction coefficients decrease 
from 0.33 to 0.10 as the carbon content increases up to 71 at.%. Fig. 5.29b shows the cross 
section profile of the tracks for the different coatings, accompanied by the total carbon 
content. A similar conclusion can be obtained from the observation of the tracks with two 
clear types of wear behavior. Wider and deeper grooves are obtained for the lowest ratios, 
which correspond to higher wear rate constants (~2×10-5 mm3/Nm). Nevertheless, the 
increase in the carbon content in the coatings yields a noticeable reduction in the wear track. 
As a consequence, the wear rate values are significantly improved, reaching 7.1×10-7 
mm3/Nm for the sample with the richest carbon content. This represents a diminution of two 
orders of magnitude with respect to the first group, with mean values near 10-5 mm3/Nm. 
 
 
 
Fig. 5.29. (a) Friction coefficient curves and (b) wear track depths of the different coatings ordered by 
increased carbon content. 
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5.4.3. Tribo-mechanical properties as a function of relative fraction of carbon 
bonding types determined by XPS 
By comparing the estimated relative fraction of the different carbon bonding types 
inside the coatings, we can now revise the tribo-mechanical data in order to extract possible 
correlations. Fig. 5.29a shows the xTiBxCy and film hardness values as a function of the total C 
content. A total parallelism between the two trends can be clearly seen. It seems that 
hardness properties are primarily influenced by the relative amount of the TiBxCy phase. In 
Fig. 5.29b, the xa-C and the friction coefficient have been plotted versus the overall C content. 
It can be noted that for lower contents, the xa-C remains near 20%, and the friction coefficient 
does not vary noticeably from 0.7-0.8. When the xa-C is increased from 20 to 30%, the 
friction coefficient changes suddenly to a value of 0.3. Then it is observed a continuous 
decrease of the friction coefficient value up to 0.1 for 71 at.% C (xa-C ~ 50%). Using Raman 
spectroscopy (section 5.2.8), we observed an increase in the D and G peak from 50 at.% C, 
confirming the development of a disordered sp2 bonded carbon network (cf. Fig. 5.16). It is 
likely that from this point onwards the excess of C is incorporated in the form of free a-C 
phase, which is ultimately responsible of the diminution of friction coefficient. 
 
Fig. 5.30. Dependence of the tribo-mechanical properties with the relative fraction of carbon-
containing phases and the total carbon content: (a) xTiBxCy and hardness; (b) xa-C and friction 
coefficient. 
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Fig. 5.31 illustrates a similar dependence of both the friction coefficient and wear rate 
on the relative fraction of a-C atoms. The samples with the xa-C lower than 30% have a higher 
friction coefficient (0.7) and wear rate (~ 10-5 mm3/Nm). In these samples, the wear rates are 
controlled by the film hardness because similar hardness values result in similar wear 
resistances (cf. Fig 5.27a).  
The production of abrasive debris particles, primarily originating from the hard 
TiBxCy phase, together with the lack of the lubricating a-C phase, serve to accelerate the 
degradation of the coating, resulting in high friction and wear rates. As the xa-C continuously 
increases from 30%, there is a constant decrease in µ and Kfilm. Low friction coefficients of 
approximately 0.1 and film wear rates better than 1×10-6 mm3/Nm are measured when the 
value of xa-C is near 50%. The reasons behind this tribological behavior are related to the 
presence of an amorphous carbon phase that plays the role of a lubricant, diminishing the 
friction coefficient as well as the reduction of hard TiBxCy debris particles that promote 
abrasive wear of the coatings. The self-lubricating properties can thus be attributed to the 
presence of a disordered sp2 C-C carbon phase, helping to accommodate the shear strength 
by lubricating the contact area. The similar behavior of friction coefficient and film wear rate 
have been highlighted in previous publications of carbon-based lubricant nanocomposites, 
where the amorphous carbon phase appears to control the tribological response, rather than 
hardness as predicted by Archard’s law [64-66]. The increment of lubricant phase does not 
result in a substantial softening of the coating (~25 GPa for the most lubricant coatings), as 
the fraction of the hard TiBxCy phase remains nearly constant. These results are promising 
for the tailored design of self-lubricant nanocomposites for use as tools and machine 
components where an adequate balance between tribological and mechanical properties must 
be achieved. 
 
 
Fig.5.31. Variation of the friction coefficient and wear rate values as a function of the lubricant 
fraction, xa-C. 
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5.5. Conclusions 
Nanostructured TiBC/a-C coatings with variable contents of TiC, TiBxCy and a-C 
were prepared by controlling the sputtering power ratio applied to the TiB2:TiC composed 
and graphite targets. The nanocomposites have been characterized by many different 
techniques in order to determine the composition, structure and chemical bonding. For the 
samples with low ratios (R0, R0.2 and R0.5), the chemical composition represents just a 
small deviation from the quasibinary TiB2-TiC tie line. At higher ratios, the composition of 
the coating is within the TiB2-TiC-C region, where the three phases can coexist as a 
consequence of the carbon incorporation. 
The microstructure was studied by X-SEM and TEM showing a marked amorphous 
character for all the coatings, however by ED an increase in crystallinity was found 
increasing the carbon content in the films. By XRD a slight crystallization of an initial 
amorphous phase is observed when the C content increase, particularly for R>1. The position 
of the main peak of this growing phase is situated between two planes of TiB2 and TiC 
phases and was primarily ascribed to a ternary TiBxCy compound formed by incorporation of 
C atoms into a defective h-TiB2-x lattice. The simulation of the optical properties confirmed 
that the composition of the coatings prepared at low ratios was better explained by the 
presence of TiBxCy phase than a mixture of TiB2 more TiC. 
Boron and carbon K-edges and titanium L-edge have been studied by ELNES. B-Ti 
bonding has been found for all the TiBC/a-C coatings. C K-edge showed a mixture of Ti-C 
and C-C bonding but the relative proportion was progressively increasing towards a 
predominance of C-C with increasing the carbon content in the films. Ti L-edge spectra for 
the samples did not differ significantly and were better resolved by XANES. The spectra 
obtained for the TiBC/a-C films demonstrated that the Ti-C bonding character increased 
progressively while that of the Ti-B decreased with increasing the carbon content.  
Ti K-edge has also been studied by XANES and EXAFS. Both analyses agree in 
identifying features typical of Ti-B and Ti-C bonds present in h-TiB2 and fcc-TiC. The 
contribution of the latter and the structural order was noticed to increase with the increment 
of carbon content. A small shift in the peak associated to the Ti-B bond in respect to h-TiB2 
is supposed to be associated to the formation of a TiBxCy phase.  
XPS determined three main types of C chemical bonding of the nanocomposites at 
282.3, 283.3 and 284.5 eV. The first and the latter peaks are in agreement with the typical 
binding energies of Ti-C and C-C bonds, respectively.  The position of the third component 
at 283.2 eV can be assigned to a carbon atom bonded both to Ti and B (TiBxCy phase). The 
formation of a ternary nanocrystalline TiBxCy phase appears then congruent with the XPS, 
XANES/EXAFS and XRD data. The relative contribution of the C-C peak increases with the 
carbon content, corresponding to the formation of a free a-C matrix. The relative amount of 
the different carbon-containing phases was obtained (xa-C, xTiBxCy, and xTiC). It can be noticed 
that xTiBxCy is almost constant, maintaining a value of around 40-45%, despite the increase in 
carbon in the coatings. The xa-C was practically constant for the low ratios (R0, R0.2 and 
R0.5) that were coincident with the quasi-binary tie-line TiB2-TiC. When the overall carbon 
content surpassed 40% (R1 and higher ratios), the xa-C component increased monotonously at 
the expense of the TiC content.  
The hardness of the coating varies between 22 and 31 GPa and the reduced Young 
modulus between 171 and 216 GPa. The tribological properties of the coatings were very 
dependent on the C content. The friction coefficient decreased from 0.79 to 0.10 and the disk 
wear rate decreased two orders of magnitude with the increment of carbon content.  
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The different types of carbon chemical bonding in TiBC/a-C nanocomposites could 
be related with the tribological and mechanical performance. The TiBxCy fraction remains 
nearly constant (around 40%), in spite of the increment in the total carbon content in the 
coating, resulting in good mechanical behavior (hardness span 22-31 GPa). The 
concentration of C atoms bonded in the a-C phase initially remains steady at approximately 
20-25%, and then increases continuously with the total C content, up to approximately 50%. 
It seems that when no more carbon can be accommodated into the nanocrystalline TiBxCy 
phase, the excess appears as a free carbon phase. This was demonstrated by Raman 
spectroscopy, where a significant enhancement of the D and G bands appeared above 
approximately 50 at.% C. Indeed, at this point, clear improvements in the friction 
coefficients and wear rates were observed, confirming the lubricating role of the free a-C 
phase.  
The optical properties of TiBC/a-C nanocomposite films are closely related with the 
chemical composition and microstructure. The dielectric function of the series evolved from 
a metal-like (for the R0 film) toward a non-metal like (R2 and R3 films) as the relative 
concentration of carbon increases in the films. The composite nature of the films has been 
investigated by using the generalized Maxwell-Garnet theory; the model describes 
qualitatively well the measured dielectric function under the assumption that the films are 
mainly composed of a mixture of amorphous TiBxCy and a-C phases. The dielectric constant 
of the effective-medium is given by a simple weighted average of the individual dielectric 
constants of the component phases. The best fits provided an estimation of the a-C  (vol. %) 
contents in of 33, 58 and 75% for the films R1, R2 and R3 respectively in agreement with 
previous characterization techniques. The electronic properties of the TiBxCy phase were 
studied by modeling its dielectric function by using a set of Drude-Lorentz oscillators.    
The electrical resistivity of the TiBC/a-C samples varies from 200 to 428 μΩ·cm 
when the carbon increases from 31 to 61 at.%. The electrical properties of the 
nanocomposites TiBC/a-C films correlate well the morphological and compositional changes 
observed in these films due to the addition of a-C. The application of the grain-boundary 
scattering model revealed that the main free path of the electrons is mainly limited by the 
high density of point defects in the case of the quasi-amorphous materials (R0-R0.5) and the 
grain boundaries and the point defects in the case of the polycrystalline films (R1-R2). In 
summary, the measurement of the electrical and optical properties in ceramic/matrix 
nanocomposite films constitutes a useful complementary tool to understand their complex 
chemical composition and structure.  
Regarding the optical and electrical properties of the TiBC/a-C films, in spite of the 
large variation in the chemical composition the refractive index n and extinction coefficient k 
are weakly dependent on the carbon content in the studied range (31-61 at.%), the dispersion 
n(E) and k(E) curves are similar to those of the TiC and the electrical resistivity exhibit 
relatively low values. This set of properties combined with that of mechanical properties 
(high hardness and good tribological properties) make these films promising new materials 
for optics, optoelectronics, microelectronic and others applications in coating technologies. 
Tailored synthesis of TiBC/a-C nanocomposite films is thus possible by controlling 
the phase composition appropriately, resulting in friction coefficients below 0.1 and wear 
rates in the order of 10-7 mm3/Nm, while maintaining optimal hardness values of 25 GPa.  
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Chapter 6 
Comparative tribological study of MeC/a-C 
nanocomposite coatings 
 
 
This chapter tries to assess the factors governing the tribological behavior of different 
nanocomposites films composed by metallic carbides (MeC) mixed with amorphous carbon (a-C). In 
the first part are described the different series of prepared MeC/a-C coatings (TiC/a-C, WC/a-C and 
TiBC/a-C). In the second part, the tribo-mechanical properties were evaluated for the three series of 
coatings. In third part, a deep investigation of the chemical and structural features at the nano-scale is 
carried out by XRD, XPS, EELS and Raman spectroscopy techniques. In the fourth part, the analysis of 
the counterfaces by Raman confocal microscopy after the friction tests is used to follow the chemical 
phenomena occurring at the contact area responsible of the observed friction behavior. In the last part, 
the three systems will be compared and the conclusions will be obtained concerning the friction and 
wear mechanism involved. 
 
6.1. Introduction 
In a sliding contact between two mating surfaces there is always some sort of 
running-in, which acts to make the two surfaces more conform and often to modify the 
surface material into a more stable compound. The running-in is also usually followed by a 
reduced and more stable friction coefficient. When very low friction is aimed for, running-in 
requires the formation of an easily sheared material in the interface, or an interlayer. Such an 
interlayer can form in dry sliding contacts by e.g. oxidation, wear and subsequent material 
transfer, forming a so-called tribolayer. If the tribolayer separating the two bodies constitute 
an easily sheared phase, the shear will take place within this layer which governs a low 
friction coefficient. Hence, design and deposition of coatings forming tribolayers are 
important for reduction of friction and wear in tribological systems. Carbon-rich materials 
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are examples of such coatings, which provide low friction in ambient atmosphere. The low 
friction is commonly explained in terms of a surface covered with graphitic carbon, i.e. 
carbon with an easily sheared lamellar structure with weak interplanar bonds. Amorphous 
carbon can be released from the coating as a response to tribological stress. A succeeding 
transformation into graphitic carbon, thus facilitates the formation of an easily sheared 
tribolayer [1,2]. 
Nanocomposite coatings consisting of a nanocrystalline metal carbide (nc-MeC) 
embedded into an amorphous matrix, such as amorphous carbon (a-C), can be considered as 
a nanostructured material with many potential applications [3-7]. The synthesis of such 
nanocomposite coatings depends critically on the ability to co-deposit both the 
nanocrystalline and amorphous phases. The nature of the components, crystal size, and the 
amount of each phase determines the final properties of the materials. 
One of the most studied nanocomposites is nc-TiC/a-C. The friction, toughness, and 
wear-resistance of this nanocomposite can be tuned by changing the composition and thereby 
the relative amounts of crystalline carbide and amorphous matrix [8-12]. The low friction of 
the nc-TiC/a-C nanocomposite has been attributed mainly to a lubricating surface layer of 
graphitized carbon (similar to DLC), although surface oxides may also contribute [13,14]. 
Although these materials exhibit low friction there is a demand for new types of materials 
that allow for tuning of, for example, mechanical properties. High hardness, wear resistance, 
high melting temperature and excellent chemical stability are distinctive features of WC/a-C 
coatings [15-20]. Whereas TiBC/a-C coatings are marked by exhibiting super hardness, good 
tribological properties and high oxidation and corrosion resistance [21-26]. 
In this chapter, I present a comparative study of three different nanocomposites 
formed by transition-metal carbides dispersed in amorphous carbon (a-C) matrix 
nanocomposites, namely TiC/a-C, WC/a-C and TiBC/a-C. This chapter tries to assess the 
factors governing the tribological behaviour of different nanocomposites films by a 
combined microstructural and chemical analysis of the initial material and Raman analysis of 
the counterfaces after friction tests. To ensure well defined-coating with the desired 
properties, their characterization on a microscopic scale is of outstanding importance. The 
correlation between chemical features before and after friction modification allows to 
understand the tribological behaviour and to propose guidelines for tailored synthesis of such 
a kind of material.  
 
6.2. Synthesis details 
Three types of nanocomposites films were deposited by combining metallic carbide 
phases (TiC, WC and TiBC) with amorphous carbon (a-C) as stated in previous chapters. 
The samples will be labeled hereafter for simplicity as TiC/a-C, WC/a-C, and TiBC/a-C 
although a mixture of different crystalline phases or variable stoichiometry can be present. 
The synthesis was carried out in a vacuum chamber at an initial pressure of 3×10− 4 Pa by co-
sputtering of graphite and a second target (Ti, WC, or a composite ceramic (60:40) 
TiC:TiB2) in 0.60 Pa of argon. The proportion of nanocrystalline metal carbides (MeC) and 
amorphous carbon phases was obtained by controlling the ratio of  sputtering power applied 
to the graphite target in respect to the second one, metal or metal carbide (R= PC/PMe(C)). The 
list of deposited films (1.5 to 2.0 μm in thickness) and the chemical compositions are 
summarized in Table 6.1. Further details of particular synthesis conditions can be found 
elsewhere [27] for the TiC/a-C and Chapter 2 for the WC/a-C and TiBC/a-C nanocomposite 
coatings. It should be noticed that the TiC/a-C films were not deposited during this thesis but 
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these coatings were studied together with the WC/a-C and TiBC/a-C under the same 
techniques and methodology. 
 
6.3. Mechanical and tribological properties 
Table 6.1 summarizes the chemical composition of the three prepared systems as 
estimated by EELS or XPS techniques.  
 
Table 6.1. Chemical composition, crystal size (D), relative amount of a-C in respect to the total C 
content (xa-C) and tribo-mechanical properties as a function of coating series. 
 
 
Coating Chemical composition(at. %) Tribo-mechanical properties 
Series Sample
R
Ti C 
D 
(nm)
xa-C 
(%)
µ Kfilm (mm3/Nm) 
H 
(GPa) 
R1 1 56 44 ≈ 30 5 0.31 4.7×10-6 22 
R2 2 34 66 6-7 53 0.25 2.6×10-6 27 
R2B 2 29 71 6-7 59 0.20 1.2×10-6 14 
R3 3 21 79 2-3 75 0.09 2.6×10-7 7 
TiC/a-C 
R4 4 14 86 2-3 85 0.13 1.0×10-7 8 
Coating Chemical  composition(at. %) Tribo-mechanical properties 
Series Sample
R 
W C 
D 
(nm)
xa-C 
(%)
µ Kfilm (mm3/Nm) 
H 
(GPa) 
R0 0 66 34 ≈ 9 21 0.84 --- 36 
R0.1 0.1 61 39 5-7 8 0.81 --- 40 
R0.3 0.3 49 51 2-3 20 0.59 9.9×10-6 23 
R0.5 0.5 42 58 2-3 29 0.51 4.4×10-6 22 
R1 1 33 67 --- 40 0.36 2.0×10-6 21 
R2 2 29 71 --- 43 0.20 7.2×10-8 20 
WC/a-C 
R3 3 27 77 --- 45 0.19 4.4×10-8 16 
Coating Chemical  composition(at. %) Tribo-mechanical properties 
Series Sample
R 
Ti B C 
D 
(nm)
xa-C 
(%)
µ Kfilm (mm3 /Nm) 
H 
(GPa) 
R0 0 45 24 31 --- 20 0.63 1.2×10-5 24 
R0.2 0.2 47 17 36 --- 19 0.62 1.3×10-5 28 
R0.5 0.5 44 17 39 --- 23 0.43 1.8×10-5 26 
R1 1 39 12 49 ≈ 2 30 0.23 4.3×10-6 31 
R2 2 25 15 61 2-3 41 0.22 2.3×10-6 22 
TiBC/a-C 
R3 3 17 12 71 2-3 49 0.11 8.7×10-7 25 
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It is observed a continuous increment of the total carbon content as the relative 
sputtering power applied to the graphite target is increased. It should be noticed that the 
values for the sputtering power ratio are not strictly comparable for the three systems since in 
the first case (TiC/a-C) carbon species can be originated exclusively by sputtering of the 
graphite target while in the other cases carbon can be sputtered from both targets.  
Fig. 6.1 summarizes the friction coefficients (μ), film wear rates (Kfilm) and film 
hardness (H) for the three series depending on the synthesis conditions. In all cases the 
friction coefficient exhibits a decrease to 0.1-0.2 by increasing the power applied to the 
graphite target. This friction drop is more important for the WC/a-C and TiBC/a-C whose 
initial friction values are much higher, in the range of 0.6-0.8. The hardness values span 
between 8-27 GPa (TiC/a-C), 16-40 GPa (WC/a-C) and 22-30 GPa (TiBC/a-C). In general, 
the higher the power ratio the lower the hardness although this reduction is less marked in 
the latter case where the values remained almost constant. The variation of the wear rates of 
the films along a series appears to correlate with the friction coefficient rather than with the 
hardness values. Similar behavior has been highlighted in other self-lubricant hard 
nanocomposite coatings where the wear rate is not inversely proportional to the film 
hardness, as predicted by the Archard’s law [28], but rather controlled by the properties of 
the lubricant phase [9,29]. Typical Kfilm values are found in the range 10-6-10-7 mm3/Nm 
although significant differences are noticed between the three systems. It should be 
mentioned that Kfilm values for samples (R0 and R0.1) of WC/a-C type are not provided due 
to the transfer of mating material (steel) to the surface making impossible the estimation of 
the wear track. 
A better comparison of the tribological properties is shown in Fig. 6.2 for three 
selected coatings, one of each group, giving similar friction coefficient (0.2). An optical 
micrograph and a representative cross-sectional profile are also included as insets.  As can be 
concluded by observation of the wear track the resistance increases in the sequence 
TiBC<TiC<<WC. The results prove the lowest wear resistance of the TiBC system despite 
of its high hardness (31 GPa) and may be consequence of the brittleness properties of the 
TiB2 [30,31]. The remaining systems show reasonable wear resistance with (1×10-6 
mm3/Nm; TiC/a-C) and (<10-7 mm3/Nm; WC/a-C). Therefore, it can be concluded that both 
mechanical and tribological properties appear controlled by the composition of the coatings, 
determined by the relative sputtering power applied to the graphite target. It is therefore 
worth determining the crystalline composition of the samples and the distribution of carbon 
atoms into carbide and a-C forms.  
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Fig. 6.1. Tribological and mechanical properties as a function of the synthesis conditions for the 
different TiC/a-C (a), WC/a-C (b) and TiBC/a-C (c) coatings. 
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Fig. 6.2. Friction coefficient vs. sliding distance, optical micrograph and cross-sectional profile of the 
wear track obtained for coatings R2B-TiC/a-C (a), R2-WC/a-C (b), R1-TiBC/a-C (c). 
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6.4. Microstructural and chemical characterization 
6.4.1. Crystalline phases by XRD  
The crystalline fraction was analyzed by means of XRD (see references [27,32,33] 
and Chapter 4 and 5). Fig. 6.3 shows XRD patterns for representative samples for the three 
systems. In the TiC/a-C coatings the diffraction peaks from a TiC phase were identified 
together with some peaks originated by a titanium underlayer and Fe from the substrate. The 
coatings exhibit a (111) preferred orientation as the degree of crystallinity increases. From 
the broadening of the TiC (220) peak and the Scherrer formula, average crystallite sizes were 
determined to vary between 2 and 30 nm (see Table 6.1).  
Fig. 6.3b shows the change in the XRD patterns of the WC/a-C films with the applied 
sputtering power ratio. The R0 film crystallized in the hexagonal γ-W2C phase with a marked 
(002/101) orientation. The XRD pattern of R0.1 film exhibited an additional small peak 
situated around 42° attributed to the (200) reflection peak of the cubic β-WC1-x phase 
indicating that film the R0.1 film is a biphase system containing W2C and β-WC1-x. For 
higher sputtering power ratio values, the diffraction patterns of the associated films showed 
mainly a broad peak associated with the (111) reflection peak of the fcc β-WC1-x phase. The 
estimation of the crystallite sizes are again summarized in Table 6.1. 
The diffractograms shown for TiBC/a-C coatings (Fig. 6.3c) did not reveal well-
defined diffraction patterns except the peak at 44° originated by the steel substrate and a very 
broad band at 35º whose intensity increased with the carbon content. As discussed in Chapter 
5, this broad peak at 35° can be attributed to a ternary phase including titanium, carbon and 
boron (TiBxCy) whose intensity increase slightly at higher C concentration.  
 
6.4.2. Chemical bonding by Raman 
As a first approach, the samples were analysed by Raman spectroscopy in order to 
obtain information about the amorphous carbon matrix within the coatings. Fig. 6.4 depicts 
the Raman spectra for the as-deposited coatings. The spectra were measured in identical 
conditions what allows a direct comparison of their intensities.  
The presence of the D and G peaks at 1350 and 1585 cm-1 respectively, characteristic 
of the sp2 sites of all disordered carbons [34], is significant by increasing the R parameter. 
The relevance of the D and G peaks appears greater in the TiC/a-C samples with the higher 
ratios what suggests a higher content of disordered sp2 C phase. Besides of carbon peaks 
some bands produced by the crystalline carbide phase are sometimes observed for the lowest 
ratios. In particular, in the case of TiC/a-C (cf. Fig. 6.4a) some peaks are detected in the 
range of 450-750 cm-1. These vibrational modes are originated by structural disorder 
originated by carbon vacancies [35,36]. For the WC/a-C system some broad peaks in the 
region 600-900 cm-1 can be originated by the W-C stretching modes [37,38]. 
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Fig. 6.3.Grazing angle XRD diffractograms of selected coatings from the series TiC/a-C, WC/a-C and 
TiBC/a-C deposited onto steel substrates. JCPDS cards numbers of identified phases: 20-1316 (WC1-x), 
35-0776 (W2C), 32-1383 (TiC), 075-0967 (TiB2), 01-1197 (Ti), 01-1262 (Fe). Ti (°) peaks are 
originated by a Ti underlayer deposited in the TiC/a-C system for improving the adhesion. Fe (♦) 
peaks come from M2 steel substrates. 
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Fig. 6.4. Raman spectra of the series TiC/a-C (a), WC/a-C (b) and TiBC/a-C (c) deposited onto 
stainless steel substrates. 
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6.4.3. Chemical bonding by EELS and XPS 
In order to estimate the relative amount of a-C in respect to the total carbon content 
(i.e. lubricant fraction xa-C) EELS and XPS measurements have been used. Both 
characterization techniques are sensitive to the local coordination about the excited atom (i.e. 
carbon in this case), being appropriate to evaluate the fraction of carbon atoms in each phase 
(a-C or MeC). In Fig. 6.5a, the C K-edge EEL spectra of TiC/a-C of samples are plotted 
together with two references of TiC and a-C films respectively.  
 
 
Fig. 6.5. Carbon K-edge EELS spectra of TiC/a-C coatings (a) and XPS spectra in the C 1s region for 
the coatings WC/a-C (b) and TiBC/a-C (c). Curve fitted EELS C K-edge spectra for the R2B-TiC/a-C 
coating (d). Curve fitted XPS C 1s peak for the R1-WC/a-C (e) and R1-TiBC/a-C (f) coatings. 
 
The main features observed in the fine structure are the two peaks centred at ≈285 and 
≈295 eV, named π and σ transitions respectively, although varying the relative shape and 
energy position. Thus, a gradual transition is denoted when going from TiC to a-C spectrum 
indicative of a progressive enrichment of the amorphous phase in the film composition. By 
linear combination of these two standards the amount of the a-C phase was estimated ranging 
from 5 to 85% for the TiC/a-C nanocomposite coatings under study. Fig. 6.5d displays the 
fitted curve and the experimental data obtained for sample R2B as example giving 59% of a-
C. This estimation is in good agreement with the percentage of free carbon calculated from 
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the atomic chemical composition assuming a 1:1 stoichiometry for TiC [27]. The estimation 
of the phase composition by EELS in the case of TiBC and WC results very complicated due 
to the existence of various crystalline forms, non-stoichiometric, and the absence of 
reference data in the literature. For these reasons, XPS fitting of C 1s peak was assessed in 
these cases. 
Fig. 6.5b and 6.5c displays the C 1s XPS peak for the WC/a-C and TiBC/a-C 
nanocomposite films respectively. The values for FWHM were set at 1.5 (carbides), 1.7-1.8 
(a-C) and 2.0-2.2 (C-O) and the Gaussian-to-lorentzian peak shape (0.8 to 1.0). For the 
WC/a-C films, a variation in the relative intensity between these two types of C bonds is 
clearly noticed along the series. The C 1s peak was fitted assuming main contributions from 
W-C (283.5 eV) and a-C (285.0 eV) (see Fig. 4e) [39]. The a-C content starts to be 
significant from R0.5 (15.7%) when the total C content overpasses the 50 at.%. From R1 the 
shoulder due to the a-C atoms becomes more visible and comparable to the carbide 
component. In the case of the TiBC (see Fig. 6.5f), the C peak can be deconvoluted into three 
principal components at 282.2, 283.2 and 284.5 eV [40,41]. The peak structure was similar 
for all the coatings varying the relative intensities among the three main peaks. The binding 
energy for a pure TiC phase is around 282.0 eV and that of amorphous carbon phase is 
located at ≈284.5 eV. The predominant peak at 283.2 eV can be due to the incorporation of 
carbon atoms to the TiB2 phase forming the TiBxCy phase whose peak is shifted towards 
higher energies due to the different electronegativity between C and B as reported previously 
by other authors [40,41].  The xa-C fraction remains steady about 20% for the three first 
samples of the series and then increases continuously up to approximately 50%. It seems that 
when no more C can be accommodated into the TiBxCy phase, this excess appears as free 
carbon phase. A similar trend was observed by Gilmore et al. with TiB2/DLC coatings [42].  
Once the fraction of carbon atoms present in the amorphous phase has been evaluated 
for each coating it is possible to revise the friction properties as a function of this key-
parameter. Fig. 6.6 plots the evolution of friction coefficients vs. lubricant fraction, xa-C.  
 
Fig. 6.6.   Friction coefficients as a function of the xa-C. 
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In an analogous way to Fig. 6.1 the friction tends to decrease rapidly for the WC/a-C 
and TiBC/a-C systems from 0.6-0.8 to values below 0.2 for xa-C contents above 40%. For 
obtaining a similar low friction coefficient with the TiC/a-C nanocomposite films it is 
necessary the a-C fraction rises up to 60%. Further reduction of the friction, even below 0.1, 
can be achieved by increasing the fraction lubrication to a higher extent but always smaller 
percentages are needed for the WC/a-C and TiBC/a-C films. For instance, μ∼0.1 is attained 
with a xa-C of 75% for the TiC/a-C series but only 49% is necessary in the case of TiBC/a-C 
nanocomposites. The reasons behind this different tribological behavior are not clear but in 
order to have a better insight about the chemical phenomena occurring at the contact area 
analysis of the ball counterfaces by Raman confocal microscopy was tempted. For that 
purpose we have selected two coatings of each nanocomposite family representative of the 
high and low friction regime (μ<0.2). This corresponds in terms of a-C contents samples 
displaying xa-C≤ 20% or xa-C ≥30-40% respectively. 
 
6.5. Friction mechanism 
6.5.1. Characterization of the contact region by Raman 
Fig. 6.7 shows the spectra taken from transferred material on the ball scar together 
with those of the initial films for comparison purposes. The left column (Fig. 6.7a, 6.7c and 
6.7e) displays the results obtained for low xa-C values (<20%). The main features that appear 
after friction correspond to the formation of metal oxides and the incipient development of 
the D and G peaks. In the case of the TiC/a-C [5% xa-C]  film the initial peaks (284, 384, 582 
and 675 cm-1) attributed to disordered TiC phase disappear and transform to titanium oxide 
and/or iron titanate (FeTiO3) at approximately 430 and 600 cm-1, originated by partial 
oxidation of the TiC phase [43]. Fig. 6c displays the results obtained for the WC/a-C [8% xa-
C] sample. The new bands at frequencies of 360, 720 and 950 cm-1 can be assigned to a 
mixture of iron and tungsten oxides. This latter peak is usually assigned in the literature to 
the stretching mode of W=O double bonds that appear on the boundaries of amorphous or 
nanostructured tungsten oxides [44]. These results correlate with the strong interaction of the 
steel counterpart with the film surface for samples R0 and R0.1 whose wear rate was not 
possible to be measured. In the last case, the TiBC/a-C [20% xa-C] sample (Fig. 6.7e) shows a 
broad and intense band at 710 cm-1 owing to iron oxide (maghemite) produced by oxidation 
of the steel ball compared to the D (1375 cm-1) and G (1580 cm-1) peaks. It is therefore 
inferred that when the amount of lubricant phase is scarce under friction the reaction with the 
steel ball and film oxidation is promoted although it must be noticed that for the TiC/a-C the 
reaction with the iron was not so manifested. This could justify the lower friction values 
obtained for this system despite its low a-C content. Similar trend has also been noticed in a 
literature survey for many different TiC/a-C(H) coatings prepared by PVD and PACVD 
methods [29].  
The analysis of the second group of representative samples (Fig. 6.7b, 6.7d and 6.7f ), 
those yielding to low friction, shows similar features. In all cases, the D and G peaks on the 
ball counterfaces appear better defined as compared to the initial film spectra and the results 
obtained with its partner sample with lower a-C content. This enhancement is especially 
remarkable in the case of WC/a-C [43% xa-C] (Fig. 6.7d) and TiBC/a-C [30% xa-C] graphs 
(Fig. 6.7f) where these bands were initially very weak. The formation of metallic oxides is 
much reduced in these cases and only a small peak due to W=O at 945 cm-1 (cf. Fig. 6.7d) is 
detected. In the first case (TiC/a-C) the spectra look like almost identical, with a pronounced 
D and G peaks, although the G-peak intensity and position increase a little. Moreover, for the 
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three types of nanocomposite films, the G-peaks position shifts towards higher frequencies 
(∼1580 to 1600 cm-1). These changes are correlated with a reduction of defects and clustering 
of an initial highly disordered sp2-bonded C network [45]. This conclusion appears 
coincident with the tribological behavior in air of DLC and other carbon-based coatings 
[29,45,46].  
 
 
 
Fig. 6.7. Raman spectra obtained from the ball scar after tribo-testing in comparison with the initial 
film spectra for coatings TiC/a-C [5% xa-C] (a), TiC/a-C [59% xa-C] (b), WC/a-C [8% xa-C] (c), WC/a-C 
[43% xa-C] (d), TiBC/a-C [20% xa-C] (e) and TiBC/a-C [30% xa-C] (f). 
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6.5.2. Discussion on the friction mechanism 
The comparison of the Raman spectra for the initial films (Fig. 6.7b, 6.7d and 6.7f) 
enables to show the higher relative concentration of disordered sp2 carbon material in the 
TiC/a-C system, in agreement with the estimation of the atomic fraction of a-C obtained by 
EELS and XPS. However, the formation of a graphitic-like material in the contact matches 
always with the decrease of friction even for those nanocomposites with low initial amount 
of free a-C (WC/a-C and TiBC/a-C). A possible explanation to this tribological behavior can 
be given by considering a friction induced decomposition of the non-stoichiometric carbides 
and/or metastable solid solutions releasing free carbon and forming structures that 
accommodate carbon vacancies. In this sense, the decomposition of tungsten carbide 
generating carbon and substoichiometric WxCy compounds is described in the phase diagram 
of the W-C system (see Fig. 6.8a) and was confirmed during thermal annealing of these same 
coatings [47,48]. In the case of the TiBC/a-C, our preliminary characterization has pointed 
out the formation of a metastable hexagonal TiBxCy as also denoted by other authors [22,23] 
(see Fig. 6.8b). The increase of temperature and friction forces generated in the contact 
during friction test may contribute to C removal although further studies are necessary to 
confirm this hypothesis. Therefore, the low friction conditions during the friction tests can be 
ascribed to the in situ supply of disordered free carbon that lubricates the contact similarly to 
other carbon-based compounds.  
 
 
 
Fig. 6.8. (a) Phase diagram of the W-C system together an overview of the process. (b) Schematic 
diagram of pure TiB2 crystal cells and possible incorporation site. 
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6.6. Conclusions 
The tribological behavior of nanocomposites films composed by metallic carbides 
mixed with amorphous carbon (a-C) was assessed by comparing TiC/a-C, WC/a-C and 
TiBC/a-C series prepared by magnetron sputtering technique with variable carbon contents.  
The friction coefficients, wear rates and hardness values appear to correlate with the 
overall carbon content. By estimation of the percentage of carbon atoms situated in the 
amorphous lubricant phase a comparative analysis was done in selected samples providing 
similar friction coefficient (∼0.2). The Raman analysis of the ball counterfaces demonstrates 
the formation of a graphitic-like material for the more lubricant films (i.e. those containing 
higher fraction of a-C) during friction. The relative amount of a-C [xa-C] needed to reduce 
friction below 0.2 is diminished in the nanocomposite films formed by metastable or non-
stoichiometric carbides (TiBC/a-C and WC/a-C) from 55-60 to 30-40%. This decrease was 
attributed to a partial C release into the contact due to the decomposition or transformation of 
these compounds under friction. Nevertheless, the wear rate is worse for the TiBC/a-C due to 
its brittle character.  
A good compromise between mechanical and tribological properties is then found for 
the WC/a-C system with hardness around 15-20 GPa; μ∼0.2; wear rates 10-7-10-8 mm3/Nm 
for [xa-C] values of 40-45%. This value would guarantee the generation of sufficient lubricant 
amorphous carbon phase in the contact region without a great decrease of the hardness 
values (above 15 GPa) and wear resistance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 6 
 
 
 
Nanostructured lubricant systems for tribological applications 182
References 
 
[1] D. Nilsson, F. Svahn, U. Wiklund, S. Hogmark, Wear 254 (2003)1084.  
[2] A.A. Voevodin, A.W. Phelps, J.S. Zabinski, M.S. Donley, Diamond Relat. Mater. 5 
(1996) 1264.  
[3] S. Veprek, S. Reiprich, Thin Solid Films 268 (1995) 64.[ 
[4] A.A. Voevodin, S.V. Prasad, J.S. Zabinski, J. Appl. Phys. 82 (1997) 855. 
[5] J.J. Moore, D.L. Olson, E.A. Levashov, V.I. Kosayanin, L.M. Krukova, Surf. Coat. 
Technol. 92 (1997) 34. 
[6] I.-W. Park, S.R. Choi, J.H. Suh, C.-G. Park, K.H. Kim, Thin Solid Films 447 (2004) 443. 
[7] S. Zhang, D. Sun, Y. Fu, H. Du, Surf. Coat. Technol. 167 (2003) 113. 
[8] A. A. Voevodin, J.S. Zabinski, J. Mater. Sci. 33 (1998) 319. 
[9] D. Martínez-Martínez, C. López-Cartes, A. Justo, A. Fernández, J.C. Sánchez-López, A. 
García-Luis, M. Brizuela, J.I. Oñate, J. Vac. Sci. Technol. A  23 (2005) 1732. 
[10] S. Zhang, W.L. Bui, J. Jiang, X. Li, Surf. Coat. Technol. 198 ( 2005) 206. 
[11] U. Wiklund, M. Larsson, Wear 241 (2000) 234. 
[12] M. Stuber, H. Leiste, S. Ulrich, H. Holleck, D. Schild, Surf. Coat. Technol. 150 (2002) 
218. 
[13] D. Nilsson, F. Svahn, U. Wiklund, S. Hogmark, Wear 254 (2003) 1084. 
[14] Z. Xingzhong, L. Jiajun, Z. Baoliang, O. Jinlin, X. Qunji, Ceram. Int. 24 (1998) 13. 
[15] K.A. Taylor, Thin Solid Films 40 (1977) 201. 
[16] B. Trindade, M.T. Vieira, E. Bauer-Grosse, Acta Mater. 46 (1998) 1731. 
[17] Y. Pauleau, Ph. Gouy-Pailler, Matt. Letters 13 (1992) 157. 
[18] E. Quesnel, Y Pauleau, P. Monge-Cadet, M. Brun, Surf. Coat. Technol. 62 (1993) 474. 
[19] S. Neuville, A. Matthews, Thin Solid Films 515 (2007) 6619. 
[20] K. Bewilogua, G. Bräuer, A. Dietz, J. Gäbler, G. Goch, B. Karpuschewski, B. Szyszka, 
Ann. CIRP 58 (2009) 608. 
[21] C. Mitterer, M. Rauter, P. Rödhammer, Surf. Coat. Technol. 41 (1990) 351. 
[22] O. Knotek, R. Breidenbach, F. Jungblut, F. Löffler, Surf. Coat. Technol. 43–44 (1990) 
418. 
[23] H. Holleck, M. Lahres, Mat. Sci. Eng. A 140 (1991) 609. 
[24] D. Zhong, J.J. Moore, B.M. Mishra, T. Ohno, E.A. Levashov, J. Disam, Surf. Coat. 
Technol. 163–164 (2003) 50. 
[25] P.H. Mayrhofer, C. Mitterer, Surf. Coat. Technol. 133–134 (2000) 131. 
Comparative tribological study of MeC/a-C nanocomposite coatings 
 
 
 
M.D. Abad 183 
[26] C. Mitterer, P.H. Mayrhofer, M. Beschliesser, P. Losbichler, P. Warbichler, F. Hofer, 
P.N. Gibson, W. Gissler, H. Hruby, J. Musil, J. Vlček, Surf. Coat. Technol. 120–121 
(1999) 405. 
[27] D. Martinez-Martinez, C. Lopez-Cartes, A. Fernandez, J.C. Sanchez-Lopez, Thin Solid 
Films 517 (2009) 1662. 
[28] J.F. Archard, J. Appl. Phys. 24 (1953) 981. 
[29] J.C. Sánchez-López, D. Martínez-Martínez, C. López-Cartes, A. Fernández, Surf. Coat. 
Technol. 202 (2008) 4011. 
[30]  R. Wiedemann, V. Weihnacht, H. Oettel, Surf. Coat. Technol. 116-119 (1999) 302. 
[31] J. Lin, J.J. Moore, B. Mishra, M. Pinkas, W.D. Sproul, Acta Mater. 58 (2010) 1554.  
[32] M.D. Abad, J.C. Sanchez-Lopez, N. Cusnir, R. Sanjines, J. Appl. Phys. 105 (2009) 
033510. 
[33] M.D. Abad, D. Caceres, Y.S. Pogozhev, D.V. Shtansky, J.C. Sanchez-Lopez, Plasma 
Process Polym. 6 (2009) S107. 
[34] A.C. Ferrari, J. Robertson, Phys. Rev. B 61 (2000) 14095. 
[35] J. Soldán, J. Musil, Vacuum 82 (2006) 531. 
[36] B.H. Lohse, A. Calka, D. Wexler, J. Alloy. Compounds 434-435 (2007) 405. 
[37] B.Q. Yang, X.P. Wang, H.X. Zhang, Z.B. Wang, P.X. Feng, Mat. Lett.  62 (2008) 1547. 
[38] A. Beserga, V. Russo, F. Di Fonzo, A. Bailini, D. Cattaneo, C.S. Casari, A.Li. Bassi, 
C.E. Bottani, Thin Solid Films 515 (2007) 6465. 
[39] A. Czyzniewski, Thin Solid Films 433 (2003) 180. 
[40] M.A. Baker, Surf. Coat. Technol. 201 (2007) 6105. 
[41] I.-W. Park, K.H. Kim, A.O. Kunrath, D. Zhong, J.J. Moore, A.A. Voevodin, E.A. 
Levashov, J. Vac. Sci. Technol. 23 (2005) 588. 
[42] R. Gilmore, M. A. Baker, P.N. Gibson, W. Gissler, Surf. Coat. Technol. 105 (1998) 45. 
[43] M. Gotic, M. Ivanda, S. Popovic, S. Music, A. Sekulic, A. Turkovic, K. Furic, J. Raman 
Spectroscopy 28 (1997) 555. 
[44] A. Baserga, V. Russo, F. Di Fonzo, A. Bailini, D. Cattaneo, C.S. Casari, A.Li. Bassi, 
C.E. Bottani, Thin Solid Films 515 (2007) 6465. 
[45] A. Erdemir, C. Donnet (Eds.), Fundamentals and Applications, Springer, New York, 
2008. 
[46] J.C. Sanchez-Lopez, A. Erdemir, C. Donnet, T.C. Rojas, Surf. Coat. Technol. 163-164 
(2003) 444. 
[47] B. Trindade, M.T. Vieira, E. Bauer-Grosse, Acta Mater. 46 (1998) 1731. 
[48] S. El Mrabet, M.D. Abad, C. Lopez-Cartes, D. Martinez-Martinez, J.C. Sanchez-Lopez, 
Plasma Process Polym. 6 (2009) S444. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
M.D. Abad 185 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 7 
Conclusions 
 
 
The results presented in this work include the synthesis and the structural, chemical and 
tribological characterization of the nanostructured lubricant systems both in dry or wet lubrication 
modes. The establishment of correlations synthesis-characterization-functional properties is revealed a 
crucial issue to understand their tribological performance and to enable their tailored synthesis with 
selected properties. It aims to be a user's manual for engineers, faced with the problems encountered 
during control synthesis with friction. Below, the relevance of the methodologies proposed and 
potential directions for further research are summarized. 
 
7.1. Summary of objectives 
The objective of the present work was to develop new nanostructured lubricant 
systems, both in the form of nanocomposites and nanoparticles, for their use as solid 
lubricant or lubricant additive, respectively. This process included their experimental 
synthesis, exhaustive microstructural and chemical characterization, and the measurements 
of their tribological properties in order to validate their applicability. This study has 
contributed substantially to understand the tribo-mechanisms at the nanoscale, and can help 
to design of new materials with tailored properties through the correlations established 
between synthesis conditions, microstructural characteristics and the mechanical and 
tribological behavior observed. The project has also served to identify those phenomena at 
the nanometric or molecular scale that were responsible for the observed behavior.  
In the previous chapters we have seen that due to the development of existing and 
new deposition techniques, designers, are now, more than ever before, in a position to 
change the properties of surfaces and to produce the desired friction and wear properties 
precisely where they are needed. The use of coated surfaces to control the tribology matters 
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in a variety of applications is of special interest because of the huge effects of friction and 
wear in relation to energy use, environment and economy. Oil as lubricant was the first 
significant solution for friction and wear control but there is a trend to limit its use due to 
both pollution and cost. Today, surface coating offers an alternative major solution for 
friction and wear control in our society. The project has covered these two different 
approaches; wet and dry lubrication. 
 
7.2. Wet lubrication 
The aim was to develop new particles in the nanometric range that could act as 
lubricant additives for a base lubricant. The synthesis of Pd and Au NPs has been carried out 
via chemical reduction in the presence of organic surfactants (and alkylammonium and thiol 
chains respectively). Due to the stabilizing agents employed, a redox-controlled size-
selective method of the Pd and Au NPs was achieved. Both kinds of NPs presented a size 
around 2 nm by TEM. The elemental chemical composition was analyzed and was noticeable 
the different metal content found for the Au (50 wt.%) and Pd (10 wt.%) NPs.   
The tribological response of the NPs dispersed in different lubricant bases (TBA and 
paraffin) was evaluated by means of study the friction coefficient, wear rate and electrical 
resistance of the contact values. Pd and Au NPs acted as anti-wear and extreme-pressure 
additives. The formation of a transfer film onto the ball surface decreased the shear strength 
across the interface, accommodated the load, and protected the surface to slide directly on 
the counterface. The big difference between both kinds of NP was the response to the contact 
electrical resistance. Meanwhile Pd NPs formed a thick conductive TF onto the ball scar, it 
was not found the same for the Au NPs. Two causes were proposed: the feasibility of the 
transfer film formation by the Pd capped-nanoparticles due to the different capping layer and 
the prevailing formation of a carbonaceous transfer layer onto the ball surface which presents 
good affinity for the iron ball in the case of the Pd NPs. As summary, the third body formed 
onto the ball with Pd and Au NPs provided excellent tribological properties and in the case 
of lubrication with Pd NPs a decrease of the electrical resistance of the contact was observed 
making suitable its application for small connectors and microelectronic devices.  
A deep study of the Pd NPs in TBA was carried out in order to study the influence of 
the different parameters on the tribological response. A low concentration of NPs (∼ 2 wt.%) 
was found sufficient to improve the tribological properties. In spite of such small 
concentration of NP, the formation of TF and the reduction of the electrical contact 
resistance were observed. The test carried out under high loads (until 20N) let us to confirm 
the extreme-pressure behavior, in addition to the anti-wear properties of the NPs. The 
tribological tests under extreme load conditions (up to 1.62 GPa) yielded wear rates better 
than 3×10-10 mm3/Nm and friction coefficients below 0.1. Reciprocating motion was studied 
under different conditions of linear speeds and applied loads with steel balls. The formation 
of a TF onto the ball scars was noticed for all the investigated cases, with the following 
benefits of protecting the ball and good electrical resistant to the contact. Furthermore, a 
good protective layer could be formed by dropping directly the Pd NPs on the contact, 
without previous dispersion in the lubricant base. This condition of not dispersing the NP in 
lubricant base was rather similar to those offered by solid lubricant thin films and can be 
explained by the easy shear properties of such Pd-rich TF layer. The influence of the 
counterface was investigated and despite of not forming a TF onto the ball, probably due to 
the different adhesion and nature of the materials, an improvement of the tribological 
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behavior was found. The ball bearing, healing and polishing effect of the NPs are enough for 
improving the tribological behavior.  
In summary, it has been proved the different possible lubrication mechanism of the 
NPs: rolling, interlayer film sliding (TF), healing and polishing effect. The presented surface 
metallic nanoparticles can be very useful to extend life of sliding due to their high strength 
resistance providing as well a getaway to electrical conduction for the case of Pd.  
 
7.3. Dry lubrication 
The goal was to synthesize new nanocomposite lubricant thin films with an optimized 
balance between mechanical and tribological properties. In this work we have explored the 
possibilities of magnetron sputtering technique regarding the deposition of metal 
carbide/amorphous carbon based nanocomposite coatings. These nanocomposite coatings are 
constituted by a nanocrystalline hard phase embedded in an amorphous matrix (a-C) that acts 
as lubricant phase. The first goal was the setting-up of an evaporation chamber equipped 
with a couple of magnetron heads, one for the hard phase and the other for the lubricant. 
Afterwards, the influence of the synthesis conditions on the properties and chemical and 
structural characteristics of the prepared coatings was investigated. The main key-parameter 
to control the functional properties has been the sputtering power ratio between both 
magnetrons.  
In this work, it has been demonstrated that varying the power ratio between both 
targets (PMeC/PC) is possible to control the structure and chemical composition of the thin 
films, and consequently, their mechanical and tribological properties. This is really useful, 
since it allows a tailored synthesis of coatings just by varying the power ratio applied to both 
magnetrons. In particular, WC/a-C and TiBC/a-C nanocomposite thin films have been 
deposited. The tribological behavior of both series of nanocomposite films was compared 
with the TiC/a-C system. In this current framework, some conclusions can be underlined for 
each systems deposited separately and comparatively. 
 
7.3.1. WC/a-C nanocomposite films 
Nanostructured WC/a-C coatings with variable contents of WC and amorphous 
carbon were prepared by controlling the sputtering power ratio applied to WC and graphite 
targets. The microstructural characterization by XRD and TEM/ED showed that increasing 
the C incorporation, the WC nanocrystalline phases evolve from γ-W2C to β-WC1-x. Further 
C enrichment leads to the increment of the amorphous C content forming a nanocomposite 
structure of small WC1-x crystals dispersed in a-C matrix.  
The determination of the fraction of carbon atoms bonded to tungsten (WCx phases) 
or bonded to carbon (as a-C matrix phase) by XPS resulted crucial for understanding the 
mechanical and tribological behavior of the coatings. Thus, when the a-C content is situated 
around 10 at.% (expressed in terms of total carbon content ≈50 at.%) a microstructural 
transition point from nanocrystalline sub-stoichiometric WC compounds to nanocomposite 
WC1-x/a-C coatings is denoted.  
The nanocrystalline coatings were characterized by their high hardness (36-40 GPa) 
and high friction (0.8). When the a-C becomes the dominant phase the friction can be 
reduced down to ~0.2 with excellent wear rate in the range of 10-8 mm3/Nm and moderate 
hardness (16-20 GPa). The friction mechanism appears thus controlled by the supply of 
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disordered sp2-bonded carbon to the contact. When it is insufficient, the hard tungsten 
carbide debris particles are responsible of abrasive wear of the counterface, oxidation of both 
counterfaces and high friction conditions.  
The determination of the relationship between the fraction of a-C and the mechanical 
and tribological behavior of our coatings has been useful for clarifying the regions found in 
the literature were multiple changes are observed as a function of the carbon content. Three 
regions were distinguished depending on the amount of C and the observed friction 
coefficient and hardness independently of the hydrogen content or deposition procedure: 
Region I (below 30 at.%), Region II (from 30 to 45 at.% C) and Region III (> 45 at.% C). 
The Region II is characterized by its low a-C content (< 10 at.%) and showed the highest 
hardness and also the highest values of friction coefficient. The Region III can be divided 
into two groups. For one side, the coatings with less a-C (10-30 at.%) showed moderate high 
values of hardness, wear rates and friction coefficient. For other side, the coatings with a-C > 
30 at.% showed a small decrease of the hardness and a very good friction coefficient and low 
wear rates. 
The thermal stability was studied by annealing in vacuum and the structural and phase 
transformations followed by in situ-XRD and Raman analysis. The thermal stability was 
increased by the presence of an amorphous carbon matrix that helps the stabilization of the 
tungsten carbide phases and increases the oxidation resistance.  
The optical properties were also investigated by ellipsometric measurements. The 
dielectric functions of W2C and WC1-x phase were described by the standard Drude-Lorentz 
model. Spectroscopic ellipsometry showed the high sensitivity of optical constants to the 
chemical composition of the composite WC/a-C films confirming the phase compositions 
determined by XRD and XPS. Therefore it appears very useful in the composition 
determination of multiple phase composite films. 
The electrical resistivity of the WC/a-C samples varied from 108 to 232 μΩ·cm when 
the carbon increases from 33 to 69 at.%. The electrical properties were correlated with the 
crystal phase formation and morphological evolution. The results of theoretical fitting using 
the grain boundary scattering model allowed the identification of electron scattering 
mechanism. Point defects and grain boundaries constitute the main scattering sites in the 
crystalline composites (nanocrystalline W2C and WC1-x) while in the WC1-x/a-C 
nanocomposite the electron scattering is limited by the crystallite size. The electrical 
resistivity of the coatings did not change significantly in the carbon range studied and their 
average values are suitable for diffusion barriers in metal-semiconductor contacts.   
In conclusion, it was demonstrated the advantageous of this simple sputtering route 
with separate targets for the hard and the soft lubricant phase to control the microstructure, 
chemical composition and therefore the tribo-mechanical properties for selected applications. 
 
7.3.2. TiBC/a-C nanocomposite films 
A series of TiBC/a-C nanocomposite films have been deposited by dual magnetron 
sputtering using two separated targets: a TiC:TiB2 (60:40) mixed target and a pure graphite 
target. GIXRD measurements revealed that R0 film deposited from the single TiC:TiB2 
target exhibits an amorphous-like structure. However, an increase in the degree of 
crystallinity is observed, also by TEM and ED, with increasing the carbon content which is 
attributed to the formation of a ternary nanocrystalline TiBxCy compound.  
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Investigations of the chemical bonding nature by ELNES confirmed the presence of 
Ti-B, Ti-C and C-C bonds mixed in different proportions. It was evidenced a gradual 
increase of the quantity of Ti-C bonds in expense of Ti-B bonds in parallel to increment of 
the amount of amorphous free carbon increases. Moreover, XANES spectra performed in the 
near Ti L-edge region revealed a fine structure intermediate between those of h-TiB2 and fcc-
TiC phases. This set of results is consistent with the formation of a poor crystallized TiBxCy 
compound finely dispersed in an amorphous a-C matrix. Ti K-edge has also been studied by 
XANES and EXAFS. Both analyses agree in identifying features typical of Ti-B and Ti-C 
bonds present in h-TiB2 and fcc-TiC. The contribution of the latter and the structural order 
was noticed to increase with the increase of carbon content. A small shift in the peak 
associated to the Ti-B bond in respect to h-TiB2 was supposed to be associated to the 
formation of a TiBxCy phase.  
The different types of carbon chemical bonding in TiBC/a-C nanocomposites 
materials have been determined by means of XPS. The C peak can be composed of three 
principal components at 282.3, 283.3 and 284.5 eV. The first and the latter peaks are in 
agreement whit the typical binding energies of Ti-C and C-C bonds, respectively.  The 
position of the third component at 283.2 eV can be assigned to a carbon atom bonded both to 
Ti and B (TiBxCy phase). The relative contribution of the C-C peak increases with the carbon 
content, corresponding to the formation of a free a-C matrix. The relative amount of the 
different carbon-containing phases was obtained (xa-C, xTiBxCy, and xTiC) and correlated with 
the tribological and mechanical properties. 
The TiBxCy fraction remains nearly constant (around 40%), in spite of the increment 
in the total carbon content in the coating, resulting in good mechanical behavior (hardness 
span 22-30 GPa). When the concentration of C atoms bonded in the a-C phase is increased 
from 20 to 30%, the friction coefficient changes suddenly from 0.7 to a value of 0.3. This is 
in agreement with the Raman spectra where a significant enhancement of the D and G bands 
was observed. Indeed, at this point, clear improvements in the friction coefficients and wear 
rates were observed, confirming the lubricating role of the free a-C phase. By increasing the 
xa-C up to ∼ 50% the friction coefficient could decrease to 0.1. 
The optical properties of TiBC/a-C nanocomposite films were related with the 
chemical composition and microstructure. The dielectric function of the series evolved from 
a metal-like (for the R0 film) toward a non-metal like (R2 and R3 films) as the relative 
concentration of carbon increases in the films. The composite nature of the films was 
investigated by using the generalized Maxwell-Garnet theory (a mixture of amorphous 
TiBxCy and a-C phases) and an estimation of the a-C (vol. %) contents was provided in good 
agreement with estimations by XPS. 
The electrical resistivity of the TiBC/a-C samples varied from 200 to 428 μΩ·cm 
when the carbon increases from 31 to 61 at.%. The electrical properties of the 
nanocomposites TiBC/a-C films were correlated with the morphological and compositional 
changes observed in these films due to the addition of a-C. The application of the grain-
boundary scattering model revealed that the main free path of the electrons is mainly limited 
by the high density of point defects in the case of the quasi-amorphous materials (R0-R0.5) 
and the grain boundaries and the point defects in the case of the polycrystalline films (R1-
R2).  
Regarding the optical and electrical properties of the TiBC/a-C films, in spite of the 
large variation in the chemical composition the refractive index n and extinction coefficient k 
are weakly dependent on the carbon content, the dispersion n(E) and k(E) curves are similar 
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to those of the TiC and the electrical resistivity exhibit relatively low values. This set of 
properties combined with that of mechanical properties (high hardness and good tribological 
properties) make these films promising new materials for optics, optoelectronics, 
microelectronic and others applications in coating technologies. 
Tailored synthesis of TiBC/a-C nanocomposite films is thus possible by appropriately 
controlling the phase composition, ultimately resulting in friction coefficients below 0.1 and 
wear rates in the order of 10-7 mm3/Nm, while maintaining optimal hardness values of 25 
GPa.  
 
7.3.3. Comparison of the tribological behavior of various MeC/a-C 
nanocomposites films 
This part tried to assess the factors governing the tribological behavior of different 
nanocomposite films composed by metallic carbides (MeC) mixed with amorphous carbon 
(a-C). A deep investigation on the chemical and structural features at the nano-scale was 
carried out by XRD, XPS, EELS and Raman spectroscopy techniques in order to establish 
correlations with the tribological properties. The analysis of the counterfaces by Raman 
confocal microscopy after the friction tests was used to follow the chemical phenomena 
occurring at the contact area responsible of the observed friction behavior. The importance of 
determining the fraction of C atoms in the amorphous phase was highlighted as a key-
parameter to control the tribological properties. The xa-C was the governing parameter of the 
tribological properties. 
The three studied systems were TiC/a-C, WC/a-C and TiBC/a-C nanocomposite thin 
films. The Raman analysis of the ball counterfaces demonstrated for low a-C contents that 
the high friction promoted the reaction with the steel ball and film oxidation. On the 
contrary, the formation of a graphitic-like material for the more lubricant films (i.e. those 
containing higher fraction of a-C) during friction is observed. The relative fraction de a-C 
needed to reduce the friction coefficient varied depending on the system. The relative 
amount of a-C [xa-C] needed to reduce friction below 0.2 is diminished in the nanocomposite 
films formed by metastable or non-stoichiometric carbides (TiBC/a-C and WC/a-C) from 55-
60 to 30-40%. This decrease was attributed to a partial C release into the contact due to the 
decomposition or transformation of these compounds under friction. Amorphous carbon can 
be released from the coating as a response to tribological stress. A succeeding transformation 
into graphitic carbon, thus facilitates the formation of an easily sheared tribolayer.  
The variation of the wear rates of the films along a series correlated with the friction 
coefficient rather than with the hardness value. Significant differences in the wear rates were 
found for the films due to the different microstructure and their nature of the components.  
 
7.4. Final remarks and future researches 
In summary, the main goal of this work has consisted of the development of new 
nanostructured systems in the form of nanoparticles and nanocomposite coatings for 
tribological applications. This has been accomplished through the discussion of a large 
variety of aspects: influence of the synthesis parameters, description of the nanostructured 
systems by many different techniques and physical phenomena involved during practical 
operation. 
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A further important benefit will be the development of lubricant additives tailored to 
work together with specific coatings to achieve surface interactions for improved tribological 
performance. Thanks to the acquired knowledge it is possible to tailor the composition, and 
microstructure both in the case of NP additives and nanocomposite coatings to achieve 
specific surface innovations for improved tribological performance. Another interesting 
approach to be explored is the combination of both nanostructured lubricant systems (NP and 
nanocomposite). This coupling can bring enhanced practical performance by synergistic 
effects on the tribochemisty. 
Another future point of research is the tailoring of the core-shell composition of the 
NPs for increasing the dispersion in different base oils and the feasibility to TF formation for 
selected applications. Among different parameters to study we can mention: the influence of 
the surfactant molecule (type, chain length, type of binding to the core), the characteristics of 
metallic core (size, chemical composition), colloidal dispersions (kind of base and 
nanoparticles concentration), etc. 
In order to achieve an excellent knowledge about the tribological behavior of the 
nanocomposite thin films, a deep study of the tribochemical phenomena in the contact has 
been proved to be crucial. It is interesting to investigate on the carbon release from 
metastable phases that can take place due to structural transformations and oxidation 
processes as observed in this thesis. These phenomena can be studied by means of surface-
sensitive microscopic and spectroscopic techniques.  
In particular, in the case of the TiBC/a-C nanocomposite thin films, the presence of 
carbon and boron may be suitable to further improve the tribological performance by 
forming self-lubricious compounds that can work both at room and at high temperatures 
since the boron at the surface can react with the atmospheric moisture at high temperatures 
and form lubricant transfer films. The determination of the structure of the ternary TiBxCy 
compound (fcc or h-TiB2) would also be of interest by explaining the XAS analysis with the 
B K-edge. The evolution of B bonding types with the carbon incorporation into the film 
composition can be better understood. It is expected that the high sensitivity of XANES 
techniques can provide a useful insight on these features.  
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Annex - Spanish synopsis 
Sistemas nanoestructurados lubricantes 
con aplicaciones tribológicas 
 
 
En este anexo se ha realizado un resumen de esta tesis doctoral de acuerdo a la siguiente 
estructura; en primer lugar se presenta el campo de investigación y los objetivos a desarrollar. En la 
segunda parte se describen las nanopartículas (NPs) metálicas y los recubrimientos nanocomposite 
preparados y se enumeran las técnicas de caracterización utilizadas. En la tercera parte se muestran 
los resultados obtenidos de fricción y desgaste utilizando NPs de Au y Pd como aditivo lubricante, 
correspondiente al Capítulo 3.2. A continuación, se describe el estudio tribológico comparativo 
llevado a cabo con nanocomposites tipo MeC/a-C y mostrado en el Capítulo 6. Por último, se resumen 
las conclusiones generales de esta tesis. 
 
1. Introducción, objetivos y metodología experimental 
1.1. Introducción y estado del arte 
 En las últimas décadas, un nuevo grupo de materiales caracterizados por sus 
pequeñas dimensiones, del orden de los nanómetros (películas delgadas, nanocomposites, 
nanopartículas, semiconductores nanocristalinos, etc.), ha suscitado un notable interés 
científico y ha sido la base de una floreciente área interdisciplinar que se ha dado a conocer 
como nanotecnología. Su potencialidad radica en el desarrollo de nuevas propiedades, 
procesos o fenómenos mediante la manipulación controlada de su microestructura a nivel 
atómico [1,2]. Esta nueva aproximación a la elaboración de materiales mediante el 
ensamblado de unidades a nivel submicroscópico (∼nm) ha sido objeto de intensas e 
innovadoras investigaciones en muy diversos ámbitos científicos (química, física, biología, 
medicina, etc.). 
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En el campo de las propiedades tribológicas, las investigaciones se concentran en 
desarrollar nuevos sistemas que consigan aumentar la eficiencia de dispositivos o 
herramientas mediante el incremento de la dureza, la reducción de la fricción y la velocidad 
del desgaste de las superficies en contacto. Estas mejoras suponen un ingente ahorro 
económico y energético al alargar la vida media de los materiales en una aplicación dada sin 
necesidad de su reparación o cambio. Dos campos de actuación principales se distinguen en 
el campo de la tribología: lubricación por vía seca ó por vía húmeda (líquida). En el primer 
caso, las propiedades lubricantes vienen dadas por un recubrimiento o tratamiento superficial 
sobre la pieza mientras que en el segundo, el agente lubricante es añadido desde el exterior 
disperso o disuelto en una formulación líquida. Los primeros métodos cuentan con la ventaja 
añadida de tipo medioambiental de reducir total o parcial el uso de emulsiones y aceites 
lubricantes. Por destacar algunas, citemos aquí, los recubrimientos duros protectores en 
herramientas de corte y mecanizado, los lubricantes sólidos en dispositivos de grabación y 
lectura magnética, o los nanocomposites cerámicos de alta tenacidad y dureza. No obstante, 
la nanotecnología también ha encontrado su nicho en el desarrollo de nuevos aditivos 
lubricantes para medios líquidos que sean menos contaminantes y de mayor eficiencia, en lo 
que ya se conoce como “green tribology” [3,4]. 
La manipulación del comportamiento mecánico de los materiales mediante el control 
del tamaño de grano cristalino también se ha visto beneficiado del extraordinario interés 
hacia todo lo “nano”. Son ejemplos significativos, el incremento de la dureza y la plasticidad 
o el descenso de la temperatura de sinterizado de materiales cerámicos a partir de metales, 
aleaciones y cerámicas preparadas por condensación en fase gaseosa [5] o molienda 
mecánica [6]. Más recientemente, se ha descrito la síntesis de nanocomposites para lograr 
valores extraordinariamente altos de dureza [7]. Una estructura tipo “nanocomposite” está 
compuesta por pequeños cristales de tamaño nanométrico de un material separados entre sí 
por un segundo material, inmiscible con el primero, de un espesor de unos pocos 
nanómetros. La elección de las fases que componen el nanocomposite determina las 
propiedades finales del material. Según Musil [8], es posible distinguir dos tipos de 
nanocomposites:  
 
i) Cristales de material duro/matriz de carácter duro. Como ejemplos más clásicos podemos 
destacar los recubrimiento tipo TiN/Si3N4 [9] o TiC/Si3N4 [10]. Estas estructuras 
fueron propuestas inicialmente por Veprek [9] y presentan una alta dureza y alto 
módulo de Young. La deformación plástica, derivada de mecanismos como el 
deslizamiento de fronteras de grano o la dislocaciones dentro del cristal, se hallan 
impedidas en este tipo de heteroestructuras por lo que se obtienen durezas muy 
elevadas, nanomposites super-duros (40-70 GPa) o ultra-duros (dureza mayor de 
70 GPa) [11,12]. A lo largo del límite elástico no se forman grietas, manifestando 
una gran tenacidad (toughness) frente a la formación de fracturas [13]; sin 
embargo, una vez se supera el límite elástico del material, estos materiales 
presentan una alta fragilidad, ocurriendo bruscamente su fractura por una 
propagación rápida de las microfracturas dentro del material. El segundo 
inconveniente es que presentan coeficientes de fricción muy altos (0.6-0.9). Estas 
excelentes propiedades les facultan como candidatos ideales para su aplicación 
como recubrimientos duros y protectores, si bien, generalmente, interesa reducir 
el coeficiente de fricción para aumentar su resistencia en condiciones de 
rozamiento sin riesgo de decohesión o fractura.  
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ii) Cristales de material duro/matriz de carácter blanda. En este caso podemos citar como 
ejemplos: TiC/a-C [14], TiN/a-C [15], WC/a-C [14,16], TiN/a-CNx [17], 
WC/DLC/WS2 [18]. Los recubrimientos nanoestructurados constituidos por una 
combinación de una fase nanocristalina dura y una segunda fase amorfa más 
blanda se presentan como una nueva alternativa para alcanzar un compromiso 
óptimo entre propiedades tribológicas y mecánicas [19,20]. En particular, estos 
materiales avanzados cuentan con una elevada capacidad de acomodación de 
carga sin riesgo de fractura debido al carácter más dúctil de la fase amorfa y a su 
elevada densidad de fronteras de grano “no bloqueantes”. Estos materiales 
presentan durezas muy elevadas, llegando a ser incluso super-duros, aunque 
normalmente la fase amorfa blanda limita los valores máximos de dureza a 40 
GPa. 
 
El desarrollo de estos recubrimientos compuestos de una fase nanocristalina dura 
embebidos en una fase amorfa blanda tiene como objeto la mejora del comportamiento 
mecánico frente a la propagación de fracturas y a su vez una mejora considerable del 
comportamiento tribológico. Estos materiales son más adecuados para muchas aplicaciones 
prácticas desde el punto de vista industrial, en las que se ven sometidos a cargas severas o 
condiciones de fuertes o repetidos impactos. Su comportamiento a baja carga es el de un 
material duro y tenaz que al ser sometidos a cargas elevadas ya no sufren la fractura brusca 
típica de los materiales frágiles [21]. En lugar de ello acomodan la tensión de forma 
controlada; pseudoplásticamente mediante mecanismos de giro de los cristales en la matriz 
[11] o de desplazamientos de granos [21]; superplásticamente, mediante deslizamiento de 
fronteras de grano [20]; mediante formación de microfracturas alrededor del cristal [22] o a 
través de la fase amorfa [23]. 
En el campo de la lubricación líquida, el empleo de aditivos en lubricantes es  
fundamental para los sectores industriales y de automoción ya que ayuda a evitar el 
rozamiento, el desgaste y los fenómenos destructivos de soldadura, rayado y 
desprendimiento de material de las superficies rodantes. Cuando las condiciones de trabajo 
se hacen más severas, tanto los lubricantes fluidos como las grasas suelen escapar de la zona 
de contacto, y consecuentemente, las propiedades lubricantes se pierden. Estas exigencias 
imperan en pesadas maquinarias, equipos industriales y en los motores de combustión interna 
con elevadas revoluciones y pequeño cárter, y hacen necesario reforzar las propiedades 
intrínsecas de los lubricantes mediante la incorporación de aditivos químicos o partículas en 
pequeñas cantidades. La mayoría de estos aditivos están formados por un grupo polar y una 
componente orgánica u organometálica que contiene elementos tribológicamente activos (P, 
S, Cl, Zn, N...), o combinaciones de ellos, que son capaces de formar una capa protectora 
(tribofilm) en la zona de contacto cuando el proceso de fricción comienza. En otros casos, se 
ha recurrido al empleo de pequeñas partículas de materiales inorgánicos por sus propiedades 
lubricantes o de protección de las superficies en condiciones de extrema presión. El empleo 
de nanopartículas conlleva el que queden retenidas en las irregularidades de la superficie, 
evitando que las superficies entren en contacto directo, y por tanto, incrementando la 
resistencia al desgaste y la capacidad de carga. Para la síntesis de estas partículas se recurre 
básicamente a la química coloidal, muy estudiada en metales y semiconductores debido a sus 
múltiples aplicaciones conocidas en diferentes campos de la ciencia de los materiales y la 
tecnología (catálisis, óptica no lineal, fotoquímica, magnetismo, antifricción y otras) [24]. 
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Para el control del tamaño y la agregación se recurre al empleo de una gran variedad de 
agentes estabilizadores (surfactantes, polímeros orgánicos, micelas, etc.) [25,26].  
Dentro de los sólidos inorgánicos lubricantes, el MoS2 es probablemente el más 
conocido, aunque no es soluble en medios orgánicos y puede ser usado solo dispersándolo 
finamente en grasas, o en forma de complejos de molibdeno solubles en medio orgánico tales 
como Mo-DDP y Mo-DTC [27]. En los últimos 15 años, el grupo de Rapoport y col. ha 
recurrido al empleo de lubricantes sólidos clásicos, tales como el MoS2 o el grafito, añadidos 
al aceite en forma de nanopartículas de tipo fulereno o de nanotubos (15-60 nm en diámetro) 
[28-30]. Los resultados apuntan a un descenso del coeficiente de fricción, así como un 
incremento de la capacidad de carga de las superficies en contacto con respecto al 
comportamiento experimentado por idénticos materiales en forma laminar. En la misma 
dirección se han ensayado recientemente otros tipos de nanopartículas inorgánicas: metales 
Cu [31-33], Mo [34], Ni [35]; oxides: TiO2 [36], SiO2 [37], ZrO2, ZnO [38], Al2O3 [39]; 
calcogenuros: WS2 [40], MoS2 [41], CuS [42]; y otras formas de carbono  (fulerenos [43,44], 
nano-diamantes [36], nanotubos [45]). La principal dificultad radica en su dispersión 
homogénea en las bases lubricantes. Con la modificación superficial de las nanopartículas 
con hidrocarburos de cadena larga, la formación de dispersiones estables de dichos 
materiales inorgánicos resulta más viable.  
Si nos concentramos en el caso de los metales nobles, aleaciones de Au-Pd o Ag-Pd 
se han usado como lubricantes sólidos, pero en forma de multicapas [46]. Sus propiedades 
físicas y químicas (ductilidad, altas temperaturas de fusión y marcado carácter inerte) los 
facultan como candidatos ideales para en dispositivos electrónicos o componentes mecánicos 
donde se requiera prevenir la corrosión o reacción entre las superficies en contacto [47-50]. 
El carácter protector acabaría cuando la capa del metal se degradase y dejara al descubierto 
el substrato. En este sentido el relleno de la región de contacto con nanopartículas de metales 
nobles puede resultar complementario o alternativo para cubrir estas aplicaciones. 
 
1.2. Objetivos 
El objetivo general de esta tesis doctoral se enmarca en el desarrollo de nuevos 
sistemas nanoestructurados autolubricantes que representen una alternativa o una mejora 
significativa a las soluciones actualmente existentes para disminuir la fricción y el desgaste 
en aplicaciones tribológicas. Dicho objetivo se ha abordado a partir de dos aproximaciones 
diferentes:  
 
a) Lubricación líquida: nanopartículas metálicas estabilizadas por surfactantes que 
mejoren la capacidad de carga y reduzcan el desgaste de los materiales en 
contacto. Estos sistemas podrían actuar como lubricante sólido, o en 
combinación, como aditivo dispersándolas en un medio líquido. 
b) Lubricación seca: recubrimientos nanoestructurados (nanocomposites) que aúnen 
buenas propiedades mecánicas (dureza, resistencia a la fractura) y tribológicas 
(baja fricción y velocidad de desgaste) preparados por la técnica de pulverización 
catódica.  
 
En el caso de la lubricación por nanopartículas, los ensayos tribológicos se llevarán a 
cabo usando nanopartículas metálicas de Pd y Au, de 2 nm de tamaño medio, preparadas por 
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métodos químicos. Con objeto de controlar el tamaño de las partículas generadas y para 
preservarlas de los fenómenos de coalescencia y agregación se recurrirá al empleo de agentes 
estabilizadores (surfactantes, en este caso), que interaccionan mediante fuerzas 
electrostáticas y/o estéricas. Se emplearan como grupos protectores cadenas de alcanotioles y 
sales de amonio cuaternario. El comportamiento lubricante de estos sistemas 
nanoestructurados es un aspecto totalmente novedoso y de gran interés dada la versatilidad 
que presenta su método de síntesis.  
La estrategia a seguir en el caso de los recubrimientos nanoestructurados consistirá en 
preparar un material nanocomposite que contenga una fase dura (que aportaría la resistencia) 
junto con una matriz amorfa (que actuaría como fase lubricante). La concepción a escala 
nanométrica de estos dos componentes nos permite beneficiarnos de las ventajas vistas en los 
nanocomposites superduros en cuanto a dureza conjuntamente con un bajo desgaste, gracias 
a que la fase lubricante se iría dosificando gradualmente a medida que la capa se vaya 
desgastando. Esta solución evitaría o reduciría el uso de lubricantes líquidos con el 
consiguiente beneficio medioambiental. Como fases nanocristalinas duras se emplearán los 
carburos de tungsteno (WC) y carbo-boruros de titanio (TiBxCy) englobadas dentro de 
matrices de carbono amorfo (a-C), como fase lubricante. Los recubrimientos se prepararán 
por pulverización catódica con iones (argón) a partir de dos blancos de “sputtering” (uno 
formado por las fases duras y otro de grafito) bajo diferentes condiciones experimentales. En 
todos los casos se llevará a cabo una exhaustiva caracterización estructural, mecánica y 
tribológica que valide la aplicabilidad, durabilidad y resistencia de las capas y permita 
establecer correlaciones estructura-composición y propiedades para poder determinar los 
mecanismos de funcionamiento que permitan una síntesis selectiva en función a los 
requerimientos precisos de una aplicación dada. Otro aspecto de interés consiste en un 
estudio del mecanismo de fricción de dichos nanocompuestos mediante análisis post-test de 
la región de contacto. Esto permitirá un mejor conocimiento de estos materiales para su 
síntesis a medida y su aprovechamiento tecnológico. 
 
1.3. Síntesis y metodología experimental 
1.3.1. Síntesis de las nanopartículas metálicas 
1.3.1.1. NPs de Pd 
Las nanopartículas de Pd usadas en este trabajo han sido preparadas por un método de 
síntesis que permite un control selectivo del tamaño de partícula gracias a una reacción redox 
usando sales de tetrabutilamonio (TBA) que sirven a la vez como agente surfactante y 
reductor. Se inicia la síntesis preparando una solución de Pd(NO3)2 de Aldrich (99%) (0.02 
g), como precursor de paladio, en 25 ml de THF seco y desaireado. Por otro lado, se disuelve 
0.1 g de acetato de tetrabutilamonio en 2.5 ml de THF y se mezcla con la disolución anterior 
en un matraz de fondo redondo. Se calienta a reflujo a 70 ºC con agitación magnética durante 
30 minutos en atmósfera de nitrógeno.  La disolución coloidal de paladio que se obtiene de 
color marrón pardo se deja evaporar hasta completa eliminación del disolvente orgánico. 
Después del mezclado, el nitrato es desplazado por el ligando acetato más efectivo, que es 
seguida por una reducción del Pd2+ por transferencia de un par de electrones originando 
clusters estabilizados de Pd0 [51]. En la Figura 1 se puede ver una representación de la 
reacción química.  
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Figura 1. Representación de la síntesis química de NPs de Pd. 
 
 
1.3.1.2. NPs de Au 
Las NPs de oro han sido obtenidas mediante una reducción en fase líquido-líquido a 
temperatura ambiente a partir de una modificación del método propuesto por Brust y col. 
[52]  para disminuir el tamaño final promedio de las partículas [53]. Para proteger las 
partículas se han utilizado moléculas de tioles con una cadena de 12 átomos de carbono 
(dodecanotiol). La relación molar empleada Au:tiol fue de 1:2. La síntesis transcurre en dos 
etapas. Primero, se transfiere Au(III) de una solución acuosa que contiene HAuCl4 (Fluka 
99%, 0.064 g en 6.4 ml de agua milli-Q) a otra de tolueno, seco y desaireado, usando 
bromuro de tetraoctilamonio (Aldrich 98%, 0.112 g en 20 ml de tolueno) como agente de 
transferencia de fase. La mezcla es agitada fuertemente durante 10 minutos. Una vez la fase 
acuosa es eliminada, a la fase orgánica se le añaden 0.1 ml de dodecanotiol (Aldrich 98.5%) 
y se agita durante 5 minutos. En esta etapa el Au (III) se reduce a Au(I) oxidando los tioles a 
disulfuros que forman una fase polimérica con el oro (Au-SR). La segunda etapa consiste en 
la reducción de esta fase mediante una solución acuosa de NaBH4 (Aldrich 99%, 0.1 g en 6 
mL de agua milli-Q). La presencia de las moléculas alcanotiol induce la formación de 
enlaces Au-S sobre la superficie del cluster metálico, aislándolo del medio y previniendo por 
tanto su crecimiento o agregación con otros clusters. Después, la fase orgánica fue decantada 
de la fase acuosa y se eliminó el tolueno en el rotavapor. Por último, las NPs de Au fueron 
precipitadas con etanol, se filtraron, se lavaron y se secaron. En la Figura 2 se puede ver una 
representación de la reacción química. 
 
 
 
Figura 2. Representación de la síntesis química de NPs de Au. 
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1.3.2. Síntesis de los recubrimientos nanocomposite 
La síntesis de los recubrimientos nanocomposite (WC/a-C y TiBC/a-C) se ha llevado 
a cabo por la técnica de pulverización catódica en una cámara de alto vacío. Nuestro sistema 
de preparación (Figura 3) cuenta con dos cabezas magnetron, en las que colocamos sendos 
blancos de carbono grafito y WC o TiC:TiB2 (60:40).  
 
 
 
Figura 3. Esquema del sistema de deposición de los recubrimientos por magnetron sputtering. 
 
La presión antes de la deposición es menor a 3×10− 4 Pa y durante la síntesis, con el 
flujo de Ar circulando, se mantiene constante a 0.6 Pa. El portamuestras es giratorio, 
calentable y con capacidad de aplicar polarización negativa a los substratos (bias). Se 
dispone de un termopar situado en el centro del portamuestras cercano a la superficie donde 
se encuentran los substratos. Para el calentamiento interno de la cámara durante la etapa de 
pre-tratamiento se colocaron 4 placas calefactoras cerámicas orientadas hacia las paredes de 
la misma (potencia de trabajo ∼ 400W).  
Las características más relevantes de los componentes básicos de la cámara de síntesis 
se resumen en la Tabla 1 y la de los materiales empleados se enumeran en la Tabla 2. 
 
 
 
 
 
 
Annex – Spanish synopsis 
 
 
 
Nanostructured lubricant systems for tribological applications 200
Tabla 1. Descripción de las especificaciones técnicas de los elementos básicos que forman parte de la 
cámara de síntesis de los recubrimientos. 
 
 
Tabla 2. Características de los materiales empleados. 
Tipo Material Modelo Características 
C grafito Goodfellow Pureza: 99.5% 
Dimensiones: φ=50 mm, espesor: 3 mm 
WC Kurt J. Lesker Pureza: 99.5% 
Dimensiones: φ=50 mm, espesor: 6 mm Blanco 
TiC:TiB2 
(60:40) 
 Preparado por la técnica SHS [54] 
Dimensiones: φ=50 mm, espesor: 6 mm 
Gas Ar Air liquide Impurezas: H20<3ppm, O2<2ppm, CnHm<0.5 ppm 
Acero M2  Composición química (%); Fe: 82.3, C: 0.43, Cr: 
4.2, Mo: 5, W: 6, V: 2  
Pulido a espejo (Ra ≈0.03 μm) 
H =15 GPa (por nanoindentacion) 
Oblea de silicio ACM Monocristalino (100) 
Espesor: 0.5 mm 
Oblea de óxido 
de silicio 
 Oblea de silicio oxidada térmicamente. 
Substrato 
NaCl Tecknokroma Espesor: 2 mm 
 
1.3.2.1. Recubrimientos tipo WC/a-C  
Una serie formada por siete recubrimientos del tipo WC/a-C se ha preparado variando 
la relación de potencias aplicadas a un blanco de carbono-grafito (PC) respecto al segundo de 
WC (PWC). El blanco de C fue conectado a una fuente tipo d.c. y el blanco de WC a una 
fuente tipo r.f.. En la Tabla 3 se recogen las condiciones de síntesis de las capas preparadas 
junto con la ratio de potencias R, siendo R=PC/PWC. En todos los casos, previo al 
recubrimiento se ha depositado una capa de acomodación para incrementar la adhesión al 
substrato. Dicha intercapa ha sido depositada aplicando una potencia de 250 W al blanco de 
WC con una fuente tipo r.f. durante una hora y aplicando un bias de 100 V al portamuestras. 
Elemento Modelo Características 
Cabeza magnetron 1 Amstrong Máximo: 1000W (d.c.) & 600 (r.f.) 
Presión: 5×10− 3−10− 1 mbar 
Cabeza magnetron 2 ION’x-2’’ Máximo: 600W (d.c.) & 400 (r.f.) 
Presión: 5×10− 3−10− 1 mbar 
Fuente d.c. Hüttinger PFG 1500DC Máximo: 1500W 
Fuente r.f. Hüttinger PFG 300RF Máximo: 300W 
Fuente pulsada d.c.  MKS Instrument RPG-50 Máximo: 600W 
Bomba turbomolecular Pfeiffer TMU 261 Máximo: <5 ×10− 10 mbar 
Bomba rotatoria Telstar Máximo: 10-3 mbar 
Medidor de presión Pfeiffer IMR 265 Cátodo caliente: 2×10− 6 – 1 mbar 
Pirani: 10− 6 - 10 3 mbar 
Controlador de flujo másico Aera 7700C Flujo máximo: 100 sccm 
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El espesor aproximado de la intercapa es 400 nm y el espesor total del recubrimiento, 
intercapa incluida, es aproximadamente 2 µm. 
 
Tabla 3. Condiciones de síntesis de los recubrimientos nanocomposites. 
 
 
 
 
 
 
 
 
 
 
 
1.3.2.2. Recubrimientos tipo TiBC/a-C  
Una serie de recubrimientos se ha preparado variando las potencias aplicadas a un 
blanco de C (PC) y otro de TiC:TiB2 (PTiC:TiB2). El blanco cerámico compuesto de TiC:TiB2 
(60:40) fue producido en el “Moscow Steel and Alloys Institute” (Rusia) por el método de 
síntesis de auto-propagación a alta temperatura (SHS) descrito en referencia [54].  El blanco 
de C fue conectado a una fuente tipo r.f. y el blanco de TiC:TiB2 a una fuente pulsada d.c. 
(50 kHz, ancho de pulso 40%, ciclo del pulso 8016 ns). En la Tabla 3 se recogen las 
condiciones de síntesis de las capas preparadas junto con la ratio de potencias R, definida 
como la relación de potencia aplicada al blanco de C respecto al de TiC:TiB2  (R= 
PC/PTiC:TiB2). En todos los casos, durante la síntesis se aplicó un bias d.c. de 100 V y previo al 
recubrimiento se ha depositado una intercapa de acomodación para incrementar la adhesión 
al substrato. Dicha intercapa ha sido depositada aplicando una potencia de 250 W al blanco 
de TiC:TiB2 (60:40) durante 1 hora. 
 
 
1.3.3. Metodología experimental 
I. Caracterización microestructural y química de los sistemas nanoestructurados 
A lo largo de esta tesis se han utilizado las siguientes técnicas de caracterización: 
- Espectroscopia atómica de emisión de acoplamiento inductivo (ICP-AES). Equipo 
Fisons ARL3410  
- Análisis elemental. Equipo LECO modelo CHNS 93. 
Potencia aplicada (W) 
Serie Recubrimiento
PC PWC PTiC:TiB2 
R 
R0 -- 250  0 
R0.1 20 250  0.1 
R0.3 70 250  0.3 
R0.5 125 250  0.5 
R1 250 250  1 
R2 300 150  2 
WC/a-C 
R3 450 150  3 
R0 --  250 0 
R0.2 50  250 0.1 
R0.5 125  250 0.5 
R1 250  250 1 
R2 250  125 2 
TiBC/a-C
R3 375  125 3 
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- Microscopía electrónica de transmisión (TEM) y microscopia electrónica de trasmisión 
de alta resolución (HRTEM): Microscopio Phillips CM200 a 200kV. 
- Difracción de electrones (ED). Microscopio Phillips CM200 a 200 kV. 
- Espectroscopia de pérdida de energía de electrones (EELS). Microscopio Phillips 
CM200 a 200 kV. 
- Microscopía electrónica de transmisión filtrada en energías (EFTEM). Microscopio 
Tecnai F20 a 200 kV. 
- Microscopía electrónica de barrido (SEM). Microscopio de barrido FEG Hitachi S4800 
y S5200 a 5 kV. 
- Espectroscopia de rayos X con energía dispersiva (EDX). Microscopio Phillips CM200 
a 200 kV y FEG Hitachi S4800 a 5kV. 
- Espectroscopia de fotoelectrones de rayos X (XPS). Espectrómetro VG-Escalab 210 y 
Leybold-Heraeus EA-200. 
- Espectroscopia de absorción de rayos X (XAS). Linea KMC2 del sincrotron “BESSY” 
en Berlin y 11ID-1 de “Canadian Light Source” en Saskatchewan, Canadá. 
- Difracción de rayos X (XRD). Difractómetro Phillips PW 3040/60. 
- Espectroscopia Raman. Espectrómetro LabRAM Horiba Jobin Yvon a 5mW. 
- Espectroscopía elipsométrica (SE).  Espectroscopio elipsométrico Jobin-Yvon modelo 
UVISEL. 
- Resistividad eléctrica.  Equipos usados: Refrigerador CTI-Cryogenics (Helix 
Technology Corporation) 8200 Compressor.. Keithley 224 Programmable y 
Keithley 196 System DMM,  Keithley 705 Scanner.  
- Perfilometría: Perfilómetro modelo Mahr equipado con unidad de avance PGK. 
 
II. Propiedades mecánicas 
Las tensiones residuales de los recubrimientos (“stress”) han sido medidas mediante 
perfilometría. La dureza (H) y el módulo de Young reducido (E*) de los recubrimientos han 
sido evaluados a través de medidas de micro- y nanoindentación. Los equipos usados han 
sido un nanoindentador Nanoindenter II (Nano Instruments, Inc., Knoxville, TN) y un 
microindentador  Fischercope H100. 
 
III. Propiedades tribológicas 
Se han realizado los siguientes tipos de ensayos (véase Tabla 4), con un tribómetro 
CSM en condiciones ambientales (Temperatura 20-25ºC; humedad relativa 30-50%), con 
objeto de evaluar el coeficiente de fricción de nuestro sistema problema frente a bolas de 
diferente naturaleza (Tabla 5) en las siguientes configuraciones: 
? Lubricación líquida (dispersión coloidal de las nanopartículas): Ensayos 
tipo movimiento rotativo (pin-on-disk) y movimiento reciprocado (pin-on-flat) 
haciendo uso de la cubeta para lubricantes líquidos. Se ha trabajado también con 
diferentes condiciones de carga.  
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? Lubricación seca (nanocomposites): Ensayos tipo rotativo en condiciones 
ambientales (frente a bolas de acero tipo 52100). 
 
Tabla 4.Principales parámetros modificados en los test tribológicos realizados en esta tesis. 
 
Sistema Modo Tipo de bola 
Carga 
aplicada 
(N) 
Velocidad 
lineal 
(cm/s) 
Distancia 
(m) 
Pmax      
(GPa) 
Rotativo 
Acero 52100 
Al2O3 
Si3N4 
WC-Co 
1-20 
15 
15 
15 
10 5000 
0.66-1.88 
1.40 
1.81 
2.00 
Pd NP 
Reciprocado Acero 52100 
5 
5 
15 
15 
0.1  
0.4 
0.1 
0.4 
18 
1.12 
1.62 
1.12  
1.62 
Au NP Rotativo Acero 52100 7 15 10 5000 
1.26 
1.62 
WC/a-C Rotativo Acero 52100 5 10 1000 1.12 
TiBC/a-C Rotativo Acero 52100 WC-Co 
5 
1 
10 
10 
1000 
1000 
1.12 
0.81 
 
 
Tabla 5. Principales características de las bolas usadas para los tests tribológicos. 
 
 
 
 
Material Tipo Composición química/elemental (%) 
Dureza 
(HV0.1) 
E 
(GPa) 
Acero 
52100 Aleación 
Fe: 97, Cr: 1.45, C: 1.1, Mn: 0.35, 
Si: 0.230, P≤ 0.025, S≤ 0.025 580 ± 50 210 
WC-Co Metálico-cerámico (cermet) WC: 94%, Co: 6% 1929 ± 33 365 
Al2O3 Cerámico Al2O3+SiO2 ≥99%,  Fe2O3 <1% 2055 ± 82 580 
Si3N4 Cerámico Si3N4 > 99% 1676 ± 79 307 
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2. Resumen de los principales resultados obtenidos 
Se ha realizado una selección de los aspectos más significativos obtenidos durante 
este trabajo. Del conjunto de resultados con las nanopartículas se describirá solamente la 
sección 3.3 de esta memoria de tesis. En el caso de los recubrimientos nanoestructurados se 
ha optado por mostrar el Capítulo 6 dado que describe de forma comparativa la 
caracterización microstructural, el enlace químico y el comportamiento tribológico y 
mecánico de varios recubrimientos tipo nanocomposite MeC/a-C, entre ellos los aquí 
depositados WC/a-C y TiBC/a-C, los cuales han sido estudiados en profundidad a lo largo de 
los Capítulos 4 y 5 respectivamente. 
 
2. 1. Nanopartículas metálicas como aditivos para lubricantes 
En esta tesis se describe el empleo de nanopartículas de Pd y Au, de 2 nm de tamaño, 
recubiertas por una corteza surfactante, como aditivo para aceites lubricantes. La 
modificación superficial con cadenas de alquilamonio en el caso del Pd y de tioles en el caso 
del Au, en combinación con su tamaño nanométrico satisface los requerimientos necesarios 
para una buena dispersión en la base lubricante mejorando sus propiedades tribológicas. El 
comportamiento tribológico de una dispersión de nanopartículas de Pd o Au al 5% en peso, 
en términos de fricción y desgaste de las superficies en contacto, se compara con el 
demostrado por la base lubricante pura, sin adición de nanopartículas. Se evaluaron de forma 
simultánea los cambios en las propiedades eléctricas del área de contacto debido al carácter 
metálico del núcleo de la nanopartícula. Previo a los ensayos tribológicos haremos una 
descripción de las características morfológicas y químicas de las partículas preparadas. 
 
2.1.1. Caracterización de las nanopartículas metálicas 
2.1.1.1.  Caracterización por TEM 
La Figura 4 muestra una imagen representativa de las nanopartículas de Pd (a) y Au 
(c) obtenida por microscopía electrónica de transmisión junto con su correspondiente 
diagrama de difracción de electrones y su histograma de distribución de tamaños (b y d) 
respectivamente. La distribución de tamaños es muy homogénea, con un tamaño medio de 
partícula de 2 nm en ambos casos. Los diagramas de difracción de electrones de las NPs de 
Pd y Au están compuesto de varios anillos anchos y difusos en concordancia con el carácter 
nanocristalino de la muestras. No se han encontrado evidencias de oxidación durante el 
proceso de síntesis.  
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Figura 4. Caracterización morfológica de las partículas iniciales de Pd y Au. Imagen TEM de las 
nanopartículas de Pd (a) y Au (c) tras su síntesis junto con su diagrama de difracción de electrones. 
Histogramas de distribución de tamaño de las nanopartículas de Pd (b) y Au (d). 
 
2.1.1.1.  Composición química de las NPs 
En la Tabla 6 se muestra la composición química de los dos tipos de NPs determinada 
mediante ICP (contenido metálico) y análisis químico elemental (C, H, N o S).  
 
Tabla 6. Composición química elemental de las nanopartículas 
 
Composición química elemental  (% en peso) 
Muestra 
Metal C H N S 
NPs de Pd  10 58.8 11.0 5.47 - 
NPs de Au 50 24.3 4.4 - 4.1 
 
Para las NPs de Pd se puede observar un bajo contenido de metal (∼10% en peso) y 
una mayor contribución de la corteza protectora hidrocarbonada respecto del núcleo metálico 
en comparación con las de Au. La estabilización de las NPs por cadenas de alcanotiol tiene 
lugar mediante la formación de enlaces covalentes de Au-S,  mientras en el caso de las 
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moléculas de TBA, éstas se unen en torno al metal mediante fuerzas de tipo Van der Waals. 
Para las NPs de Pd se supone que las moléculas de surfactante se ordenan como dipolos en 
capas concéntricas mientras que en el caso del Au las cadenas de alcanotiol estarían unidas 
directamente al núcleo metálico [53,55,56]. Esta es probablemente la razón del exceso de 
surfactante observado en el caso de las NPs de Pd (cf. Tabla 6). 
 
2.1.2. Propiedades tribológicas de las NPs 
Para el estudio de las propiedades tribológicas como aditivo lubricante de las NPs se 
prepararon dos dispersiones al 5 % en peso en dos bases lubricantes diferentes: 
- (i) Surfactante puro (TBA) usando THF como disolvente. 
- (ii) Aceite de parafina (PAR) usando tolueno como disolvente. 
Las fórmulas lubricantes serán llamadas a partir de ahora: Pd-TBA, Pd-PAR, Au-
TBA o Au-PAR, dependiendo del tipo de NPs metálicas y base lubricante usada. 
Las condiciones de los tests tribológicos fueron las siguientes; tribómetro pin-on disk, 
carga aplicada, 7 N; diámetro de la bola, 6 mm; presión máxima del contacto, 1.26 GPa; 
velocidad lineal, 10 cm/s; distancia lineal recorrida, 5 Km, humedad relativa: 40-50 %, 
atmósfera al aire. La resistencia eléctrica del contacto fue medida simultáneamente a lo largo 
del test (límite de detección, 100 Ω). Los discos usados fueron de acero tipo AISI M2 y las 
bolas de acero tipo AISI 52100. No se realizó adición alguna de nuevo material lubricante 
durante el transcurso del ensayo.   
 
2.1.2.1. Coeficiente de fricción y resistencia eléctrica del contacto 
La Figura 5 muestra la evolución del coeficiente de fricción y la resistencia eléctrica 
del contacto frente a la distancia recorrida para cada tipo de solución; Pd-PAR (a), Pd-TBA 
(b), Au-PAR (c) y Au-TBA (d). Los resultados obtenidos con las bases lubricantes solas, en 
ausencia de NPs, PAR (e) y TBA (f), son también incluidos para que sirvan como referencia. 
En la parte izquierda de la Figura 5 están representados los tests llevados a cabo en PAR y en 
la derecha los de TBA.  
Sobre los tests llevados a cabo con base lubricante de PAR es posible ver como el 
coeficiente de fricción alcanza siempre un valor estable alrededor de 0.07-0.08 
independientemente de la presencia y tipo de NPs. En el caso de los tests con TBA existen 
diferencias significativas entre las curvas de fricción. El coeficiente de fricción del TBA solo 
sin nanopartículas es muy inestable, fluctuando entre 0.01 y 0.04. La adición de las NPs 
logra estabilizarlo en valores de 0.07 y 0.04 para NPs de Pd y Au respectivamente. No 
obstante, en el caso del Au-TBA se observa un periodo transitorio inicial con valores altos 
(0.12-0.15) antes de alcanzar el estado estacionario (0.04).  
Si estudiamos la resistencia eléctrica del contacto podemos observar un marcado 
descenso con la adición de NPs de Pd. Los valores para las bases lubricantes oscilan entre 
20-40 kΩ (TBA) y 60-70 kΩ para la PAR. Cuando se adicionan las NPs de Pd a cualquiera 
de ellas, la resistencia se reduce hasta valores en el rango de 100-500 Ω, en el límite de 
detección del aparato (ver recuadro en Figura 5a y b para una observación con más detalle). 
Por el contrario, las dispersiones de NPs de Au (Figura 5c y d) no modificaron 
sustancialmente la resistencia eléctrica  en comparación con las bases solas. 
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Figura 5. Coeficiente de fricción (μ) y resistencia eléctrica del contacto (Rc) para los tests:  (a) Pd-
PAR, (b) Pd-TBA, (c) Au-PAR, (d) Au-TBA, (e) PAR y (f) TBA.  
 
Resumiendo, sobre el coeficiente de fricción, todas las composiciones lubricantes se 
comportan de manera similar con valores estables y bajos (μ<0.1), excepto el TBA solo. La 
resistencia eléctrica al contacto permanece suficientemente baja en el caso de adicionar NPs 
de Pd (100-200 Ω), lo que representa una reducción de la resistividad eléctrica del orden de 
un 97.0-99.5%. Los valores de resistencia medidos son del mismo orden de magnitud que 
presentan recubrimientos compuestos de metales nobles como plata y oro empleados para la 
protección de contactos eléctricos [57]. 
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2.1.2.1. Análisis del desgaste y formación del transfer film  
La Figura 6 muestra el análisis por SEM de la superficie de la bola para los casos 
estudiados y los valores de coeficiente de fricción, resistencia eléctrica y velocidad de 
desgaste de la bola (Kbola).  
  
 PAR TBA 
N
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  d
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Pd
 
 
μ ∼ 0.077 
Rc < 1 kΩ 
Kbola ≤ 3×10-10 mm3/Nm 
 
μ ∼ 0.070 
Rc < 1 kΩ 
Kbola ≤ 1×10-10 mm3/Nm 
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μ ∼ 0.085 
Rc ∼10-50 kΩ 
Kbola = 3.1×10-10 mm3/Nm 
 
μ ∼0.038 
Rc ∼10-40 kΩ 
Kbola = 7.80×10-9 mm3/Nm 
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μ ∼ 0.07 
Rc ∼ 20-90 kΩ 
Kbola = 6.2×10-9 mm3/Nm 
 
μ ∼ 0.018 
Rc ∼ 32 kΩ 
Kbola = 1.9×10-8 mm3/Nm 
 
Figura 6. Resultados tribológicos y observaciones al SEM de las huellas de los tests de fricción sobre 
las bolas: Pd-PAR (a), Pd-TBA (b), Au-PAR (c), Au-TBA (d), PAR (e) y TBA (f). 
 
De nuevo, en la parte izquierda tenemos los tests con PAR y a la derecha con TBA: Pd-PAR 
(a), Pd-TBA (b), Au-PAR (c), Au-TBA (d), PAR (e) and TBA (f). La primera conclusión 
que podemos obtener de la observación de las imágenes es la formación de una película 
protectora (TF, del inglés transfer film) sobre la superficie de la bola cuando las NPs de Pd 
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(Figura 6a y b) son usadas como aditivos lubricantes frente al marcado desgaste manifestado 
para los tests sin NPs (Figura 6e y f). Las NPs de Au forman un TF, pero sólo en el caso de 
PAR (Figura 6c). A primera vista, los TFs de Pd parecen de mayor grosor y más 
homogéneos que los formados a partir de NPs de Au. Este material aglomerado actúa como 
una capa protectora de las superficies en contacto evitando el contacto directo entre las 
asperezas de las superficies. Este fenómeno es sobradamente conocido y ha sido 
ampliamente descrito en lubricantes sólidos como MoS2, carbono tipo-diamante (DLC) y 
recubrimientos de CNx [58-61] y también ha sido mencionado en experimentos con otras 
NPs como aditivos lubricantes [30,35,37]. Este “tercer cuerpo” puede ayudar a acomodar el 
desplazamiento relativo en la intercara entre los dos aceros por mecanismos de deslizamiento 
y deformación. Las nanopartículas también incrementan la vida útil de las superficies que se 
deslizan por acción de relleno de los surcos con material “resbaladizo” evitando el contacto 
entre las microasperezas. 
La tasa de desgaste de las bolas cuando se produjo la formación de un transfer film es 
inferior a 3-4×10-10 mm3/Nm (valores calculados asumiendo la zona recubierta por NP como 
área de desgaste). Por el contrario, en el caso de las bases lubricantes solas, las constantes de 
desgaste tienen valores de 10 a 100 veces superiores y las zonas de contacto aparecen 
visiblemente desgastadas. Más aún, estos valores superan el comportamiento demostrado por 
las nanopartículas lubricantes de tipo fulereno WS2 o MoS2, cuyos valores de desgaste 
fueron estimados en 10-8-10-9 mm3/Nm [28,62]. También es importante recordar que los tests 
presentados en este trabajo fueron hechos sin adición de nuevo material lubricante (No 
“refilling”) durante el transcurso del test.  
 
2.1.3.  Investigación del mecanismo de fricción 
Con objeto de comprender el distinto comportamiento tribológico demostrado por las 
diferentes formulaciones lubricantes ensayadas se ha llevado a cabo un estudio de las 
superficies desgastadas y del estado de las nanopartículas a la finalización del test. 
 
2.1.3.1. Análisis químico por EDX  
Primero, se ha realizado un análisis por EDX del material depositado sobre la 
superficie de las bolas para determinar la naturaleza química del “transfer film” (Figura 7). 
Para ello se han escogido las formulaciones de Pd-TBA y Au-PAR donde se observó la 
formación de TF (cf. Figura 7a y 7c). Los espectros EDX confirman que la naturaleza de este 
material adherido a las bolas proviene de la agregación de NPs de Pd y Au en la zona de 
contacto. A simple vista, el TF de NPs de Pd parece de mayor grosor. El hecho de que no se 
observe señal alguna de Fe procedente de la bola de acero subyacente para este TF (a 
diferencia de lo que ocurre con el Au) sirve para confirmar este punto. No se observan signos 
claros de oxidación como puede deducirse de la apenas visible señal de oxígeno. 
Los análisis por EDX llevados a cabo en la huella de desgaste sobre el disco también 
revelan la presencia de NPs incrustadas en los surcos originados por los tests (Figura 8). Las 
NPs cuando son atrapadas en el contacto, se adhieren a las superficies, forman una capa 
protectora en la superficie de la bola y cicatrizan las huellas de desgaste en los discos. Por 
este motivo, las NP ayudan a acomodar el movimiento, incrementan la capacidad de carga, y 
disminuyen las fuerzas de cizallamiento en el contacto y las tasas de desgaste.  
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Figura 7. Imagen SEM de la bola mostrando el material adherido (transfer film) para las NPs de Pd 
(a)  y Au (c) y correspondiente espectro EDX (b y d, respectivamente). 
 
Figura 8. Imagen SEM de la huella sobre el disco para las NPs de Pd (a)  y Au (c) y correspondiente 
espectro EDX (b y d, respectivamente). 
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2.1.3.2. Análisis por TEM 
El análisis microscópico de las partículas presentes en la solución al final del test 
pone de manifiesto una elevada resistencia a la deformación mecánica y estabilidad química 
de las mismas. Las Figuras 9a y 9b muestran dos imágenes TEM tomadas a las 
nanopartículas de Pd después del test.  
 
 
Figura 9. Micrografías TEM tomadas de las partículas de Pd (a y b) y Au (c y d) al final del test. 
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Puede apreciarse que la mayoría de las partículas mantienen su tamaño nanométrico y 
forma esférica, aunque tienden a formar aglomerados. También se observa en algunos casos 
cierto alineamiento de las partículas como consecuencia de su transito a través del contacto 
(véase Figura 9b). Una posible explicación a la formación de esta particular morfología en 
forma de fibras puede ser que las partículas a estas altas presiones de contacto (Pmax = 1.26 
GPa) y en movimiento relativo puedan orientarse en la dirección del movimiento y de esta 
manera disminuir la resistencia a fluir [63,64]. Algunos autores han sugerido que la forma 
esférica, conjuntamente con su pequeño tamaño, puede permitirles un comportamiento como 
micro-rodamientos [63,65]. Esto representa un importante beneficio en comparación con los 
lubricantes líquidos o las grasas que en condiciones severas de presión son expulsados del 
área de contacto, y por tanto, incapaces de proveer una adecuada lubricación. 
En el caso de las NPs de Au (Figura 9c y d) no se encontraron evidencias de 
alineamiento como los obtenidas con el Pd. Por el contrario, sí encontramos algunas 
partículas de mayor tamaño (20-50 nm) originadas por la pérdida de la capa surfactante y por 
un crecimiento inducido por la fricción. 
 
2.1.3.3. Discusión del mecanismo de fricción y desgaste 
Las excelentes propiedades anti-desgaste se relacionan con la presencia de NPs como 
aditivos lubricantes. La formación de un depósito sobre la bola a partir de las nanopartículas 
(transfer film) disminuye las fuerzas de cizallamiento en el contacto, acomoda la carga y 
protege las superficies del deslizamiento entre ellas. Más aún, si se alcanza un estado 
estacionario entre las velocidades de generación y eliminación gradual por desgaste, no habrá 
contacto alguno entre las superficies en contacto, previniendo su desgaste. Obviamente, el 
control del crecimiento de la película protectora dependerá de las características de cada 
sistema tribológico particular y requerirá una optimización dependiendo de la aplicación 
seleccionada. Como ventaja adicional, la presencia de esta capa rica en contenido metálico y 
la naturaleza metálica de las nanopartículas puede conducir a un descenso de la resistencia 
eléctrica del contacto lubricado, aunque en la práctica el comportamiento depende del tipo de 
nanopartícula.  
La explicación a este hecho no está clara todavía pero es probable que esté 
relacionada con la facilidad para generar un transfer film metálico por la nanopartícula en 
cuestión. Considerando el tamaño de partícula similar para ambas (Au y Pd) NPs las posibles 
razones han de buscarse en las diferencias en la composición química elemental y la 
naturaleza del enlace entre la capa surfactante y el núcleo metálico. 
La capa protectora formada por surfactantes catiónicos de amonio cuaternario 
(R4N+X-) es dinámica. Estas moléculas son de tipo dipolo e interaccionan entre sí por  
fuerzas electrostáticas de naturaleza débil lo que permite su intercambio por acción de la 
temperatura o agitación del medio. En las NPs de Au las cadenas de alcanotiol se encuentran 
unidas covalentemente al núcleo, lo que hace más difícil su desprotección y la consiguiente 
formación del depósito de oro. 
Otra posible causa es la relación de carbono-metal en las NPs de Pd (Tabla 6). La 
mayor presencia de carbono en la capa protectora puede ayudar en un primer paso a la 
adsorción de las NPs de Pd recubiertas a la superficie del acero. Como fue mencionado 
anteriormente, la formación de un TF de carbono (graphitic-like) sobre la superficie de la 
bola ha sido descrita frecuentemente en DLC y recubrimientos basados en carbono por su 
gran afinidad a la superficie de hierro. El incremento del grosor de la capa de Pd implica que 
la adhesión del nuevo material está favorecida mientras en el caso del Au la capa transferida 
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no creció tan fácilmente. Esto se confirmó examinando los espectros de EDX de ambos 
transfer films (Figura 7) donde la cantidad de C respecto de metal es superior en el caso del 
Pd indicando una mezcla de ambos elementos en el material transferido. 
 
2.1.4. Conclusiones 
Una buena lubricación y reducción del desgaste mecánico son críticas para las 
aplicaciones tecnológicas a escala micro y nano. Algunos componentes en tales dispositivos 
son usados como contactos eléctricos y requieren baja resistencia óhmica para aplicación de 
corrientes o voltajes. La dispersión de NPs metálicas modificadas superficialmente en bases 
lubricantes puede lograrse mediante un diseño apropiado de su estructura núcleo-corteza que 
facilite la formación de dispersiones estables. El procedimiento presentado en este capítulo 
permite una lubricación efectiva y protección anti-desgaste de superficies metálicas 
sometidas a alta presión con la presencia de NPs de Pd y Au (tamaño de núcleo de 2 nm) 
modificadas superficialmente con cadenas de alquilamonio y de alcanotioles 
respectivamente. Las nanopartículas ayudan a acomodar el movimiento de deslizamiento, 
aumentando la capacidad de carga y reduciendo la tasa de desgaste. Los ensayos tribológicos 
en condiciones severas de carga (hasta 1.26 GPa) arrojaron tasas de desgaste  menores a 
3×10-10 mm3/Nm  y coeficientes de fricción por debajo de 0.1.  
En el caso de las NPs de Pd, adicionalmente, es posible mantener en valores bajos la 
resistencia eléctrica del contacto (del orden de 100 Ω) adecuada para su aplicación en  
pequeños conectores y dispositivos microelectrónicos [66]. El origen de este comportamiento 
se atribuye a la formación de una capa homogénea, en la superficie de las zonas de contacto, 
rica en Pd metálico, cuando las partículas son atrapadas en su tránsito por el contacto. 
 La observación de las partículas después de los tests pone de manifiesto que la 
mayoría conservan su tamaño nanométrico. En resumen, la presencia de nanopartículas 
metálicas puede ser muy útil para prolongar la vida de piezas en contacto sometidas a 
movimiento y condiciones de extrema presión y en el caso del Pd también para mantener la 
conductividad eléctrica. 
 
2.2. Recubrimientos tipo nanocomposite MeC/a-C  
En este subcapítulo se estudia la preparación de nanocomposites de carburos de 
metales de transición embebidos en una matriz de carbono amorfo, normalmente llamados 
MeC/a-C, para los casos particulares de TiC/a-C, WC/a-C y TiBC/a-C), por la técnica de 
pulverización catódica (magnetron sputtering1). El objetivo es evaluar los factores que 
gobiernan el comportamiento tribológico de los diferentes recubrimientos nanocomposite por 
un análisis combinado microestructural y químico de los materiales iniciales y un análisis 
Raman posterior de las superficies en contacto tras los ensayos de fricción. La correlación 
entre las características químicas y estructurales antes y después del test de fricción permite 
obtener información acerca de los procesos fisico-químicos acaecidos en el contacto, 
responsables del comportamiento tribológico, así como para el diseño de tales materiales 
multifuncionales con propiedades a medida para la aplicación final. Por simplicidad las 
muestras serán etiquetadas en lo sucesivo como TiC/a-C, WC/a-C y TiBC/a-C aunque pueda 
                                                 
1 A lo largo de este resumen usaremos indistintamente los términos “pulverización” y el 
anglicismo “sputtering” ya que el empleo de éste último se halla muy extendido entre los 
especialistas de éste área. 
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existir una mezcla de diferentes fases cristalinas o con estequiometría diferente a la de la 
notación. 
 
2.2.1. Composición química 
Los recubrimientos a estudiar han sido depositados mediante magnetron sputtering en 
la misma cámara de preparación bajo condiciones de síntesis prácticamente idénticas. Los 
recubrimientos de TiC/a-C han sido depositados a partir de un blanco de C-grafito y otro de 
Ti metálico [67], mientras que para los recubrimientos de WC/a-C y TiBC/a-C se han 
utilizado C-grafito y otro de WC o TiC:TiB2 (60:40) respectivamente. La Tabla 7 muestra la 
composición química de los tres sistemas obtenidas por EELS y XPS. Se observa un 
incremento continuo del contenido de carbono cuando la relación de potencias aplicadas (R) 
se varía entre 0 y 4. Debe tenerse en cuenta que la relación de potencias no es estrictamente 
comparable para los 3 sistemas puesto que en el primer caso el carbono puede ser solamente 
incorporado por sputtering del blanco de grafito, mientras que en los otros casos el carbono 
puede proceder de ambos blancos.  
 
2.2.2. Propiedades mecánicas y tribológicas 
La dureza de los recubrimientos ha sido medida por micro- y nanoindentación. Las 
condiciones de los tests tribológicos han sido las siguientes: configuración pin-on disk; carga 
aplicada, 5 N; diámetro de la bola, 6mm; tipo de bola, AISI 52100; presión máxima de 
contacto, 1.12 GPa; velocidad lineal, 10 cm/s; distancia lineal recorrida, 1 Km, humedad 
relativa, 40-50%: atmósfera al aire.  
La Figura 10 muestra los coeficientes de fricción (µ), la velocidad de desgaste de los 
recubrimientos (Kfilm) y la dureza (H) para las tres series de recubrimientos en función de la 
relación de potencias aplicadas, R. En todos los casos, el coeficiente de fricción decrece 
hasta valores de 0.1-0.2 cuando se incrementa la potencia del blanco de carbono. La caída de 
la fricción es más pronunciada para los sistemas de WC/a-C y  TiBC/a-C cuyos valores 
iniciales de fricción son mayores (0.6-0.8). Los valores de dureza varían entre 8-27 GPa 
(TiC/a-C), 16-40 GPa (WC/a-C) y 22-30 GPa (TiBC/a-C). En general, a mayor R menor 
dureza, aunque ha de hacerse notar que esta reducción es menos acusada para el último caso 
(TiBC/a-C) donde los valores permanecen casi constantes. La variación de las tasas de 
desgaste de los recubrimientos a lo largo de la series parece estar correlacionada con el 
coeficiente de fricción más que con la dureza. Un comportamiento similar es generalmente 
descrito en otros recubrimientos auto-lubricantes donde la tasa de desgaste no es 
inversamente proporcional a la dureza del recubrimiento como predice la ley de Archard 
[68], sino que viene controlada por las propiedades de la fase lubricante [19,69]. Los valores 
típicos de tasa de desgaste se hallan en el rango de 10-6-10-7 mm3/Nm, aunque existen 
marcadas diferencias entre los tres sistemas. En este punto queremos reseñar que la falta de 
datos para el  desgaste en las muestras R0 y R0.1 del tipo WC/a-C se debe a que en estos dos 
casos se produjo una transferencia de material de la bola a la superficie del disco haciendo 
imposible la estimación del surco originado por el test de fricción.  
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Tabla 7. Composición química, tamaño cristalino, fracción relativa de a-C (xa-C) y propiedades tribo-
mecánicas en función de la serie de recubrimientos. 
 
 
 
 
 
 
En las Figura 10d, e y f se recogen las curvas de fricción y las marcas de desgaste 
(micrografía óptica y perfil transversal) de tres recubrimientos seleccionados, uno de cada 
sistema, que presentan un coeficiente de fricción similar (μ∼0.2). Observando la huella de 
desgaste se puede concluir que la resistencia al desgaste se incrementa según la siguiente 
secuencia: TiBC<TiC<<WC. Los resultados demuestran que el nanocomposite TiBC/a-C 
presenta una menor resistencia al desgaste, a pesar de su elevada dureza (31 GPa) y puede 
ser consecuencia de las propiedades de fragilidad del TiB2 [70,71]. Los demás sistemas 
muestran una tasa de desgaste inferiores con valores de 1×10-6 mm3/Nm para el TiC/a-C  y 
Recubrimiento Composición química (% at.) 
Propiedades tribo-
mecánicas 
Serie Muestra 
R 
Ti C 
Tamaño 
 
cristalino
(nm) 
xa-C 
(%) µ K (mm3/Nm) 
H 
(GPa) 
TiC/a-C R1 1 56 44 ≈ 30 5 0.31 4.7×10-6 22 
 R2 2 34 66 6-7 53 0.25 2.6×10-6 27 
 R2B 2 29 71 6-7 59 0.20 1.2×10-6 14 
 R3 3 21 79 2-3 75 0.09 2.6×10-7 7 
 R4 4 14 86 2-3 85 0.13 1.0×10-7 8 
Recubrimiento Composición química (% at.) 
Propiedades tribo-
mecánicas 
Serie Muestra 
R 
W C 
Tamaño 
cristalino 
(nm) 
xa-C 
(%) µ K (mm3/Nm) 
H 
(GPa) 
WC/a-C R0 0 66 34 ≈ 9 21 0.84 --- 36 
 R0.1 0.1 61 39 5-7 8 0.81 --- 40 
 R0.3 0.3 49 51 2-3 20 0.59 9.9×10-6 23 
 R0.5 0.5 42 58 2-3 29 0.51 4.4×10-6 22 
 R1 1 33 67 --- 40 0.36 2.0×10-6 21 
 R2 2 29 71 --- 43 0.20 7.2×10-8 20 
 R3 3 27 77 --- 45 0.19 4.4×10-8 16 
Recubrimiento 
Composición 
química 
(% at.) 
Propiedades tribo-
mecánicas 
Serie Muestra 
R 
Ti B C 
Tamaño 
cristalino
(nm) 
xa-C 
(%)
µ K (mm3 /Nm) 
H 
(GPa) 
TiBC/a-C R0 0 45 24 31 --- 20 0.63 1.2×10-5 24 
 R0.2 0.2 47 17 36 --- 19 0.62 1.3×10-5 28 
 R0.5 0.5 44 17 39 --- 23 0.43 1.8×10-5 26 
 R1 1 39 12 49 ≈ 2 30 0.23 4.3×10-6 31 
 R2 2 25 15 61 2-3 41 0.22 2.3×10-6 22 
 R3 3 17 12 71 2-3 49 0.11 8.7×10-7 25 
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7×10-8 mm3/Nm para el WC/a-C. Por lo tanto, se puede concluir que tanto las propiedades 
mecánicas y tribológicas parecen controladas por la composición de los recubrimientos, 
determinada por la relación de potencias aplicadas al blanco de carbono. Es importante 
determinar la composición cristalina y la distribución de los átomos de carbono en forma de 
carburo o a-C para poder establecer relaciones con las propiedades tribo-mecánicas.  
 
 
 
Figura 10. Propiedades tribológicas (μ y Kfilm) y mecánicas (H) de los recubrimientos en función de 
las condiciones de síntesis para las diferentes series: TiC/a-C (a), WC/a-C (b) y TiBC/a-C (c). 
Coeficiente de fricción vs. distancia recorrida, imagen y perfil de las huellas de desgaste sobre los 
discos para los recubrimientos: R2B-TiC/a-C (d), R2-WC/a-C (e), R1-TiBC/a-C (f).  
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2.2.3. Caracterización química y microestructural 
2.2.3.1. Estudio de los recubrimientos mediante XRD 
La caracterización de las fases cristalinas fue realizada mediante XRD con incidencia 
rasante (1º). La Figura 11 recoge los difractogramas obtenidos para muestras representativas 
de los tres sistemas. En el caso de los recubrimientos TiC/a-C, se identifican los picos de 
difracción de la fase TiC, junto con algunos picos originados por el Ti y el Fe procedente de 
la capa de acomodación (underlayer), usada para incrementar la adhesión y del substrato de 
acero, respectivamente. Los recubrimientos exhiben una orientación preferencial tipo (111) a 
medida que el grado de cristalinidad aumentó. A partir de la anchura del pico (220) del TiC y 
la ecuación de Scherrer se ha determinado el tamaño medio de cristal, que oscila entre 2 y 30 
nm (ver Tabla 5). La Figura 11b muestra el cambio en los difractogramas de rayos X de los 
recubrimientos WC/a-C con la relación de potencias aplicada. El recubrimiento R0, que se 
deposita únicamente a partir del blanco de WC, cristaliza en la fase hexagonal W2C con una 
marcada orientación (002/101). A partir de la anchura de los picos (100) y (002/101) se 
calculó un tamaño medio de cristal de 9 nm. El diagrama de difracción de rayos X de la 
muestra R0.1 presenta un pequeño pico adicional situado alrededor de 42° atribuible a la 
reflexión (200) de la fase cúbica β-WC1-x. Estos resultados sugieren que el recubrimiento 
R0.1 es un sistema bifásico que contiene W2C y β-WC1-x. El tamaño cristalino en W2C se 
redujo a ∼7 nm, mientras que en el caso de la fase β-WC1-x el tamaño de cristal se estimó en 
∼5 nm. Por el contrario, para valores mayores de R, los difractogramas de los recubrimientos 
solo mostraron un pico a  38°, el cual puede ser asociado a la reflexión (111) del fcc β-WC1-
x, con una estimación aproximada del tamaño cristalino de 2-3 nm. 
Los difractogramas mostrados para los recubrimientos TiBC/a-C (Figura 11c) se 
caracterizan por no presentar picos de difracción bien definidos, a excepción del pico a 44°, 
originado por el sustrato de acero, y una banda muy ancha a 35º cuya intensidad aumenta con 
el contenido de carbono. Al comparar los difractrogramas con la base de datos de difracción 
de rayos X este pico podría asignarse a la reflexión (100) del TiB2 y/o a la (111) del TiC. La 
proximidad entre ambos picos de difracción, junto con el carácter nanocristalino o cuasi 
amorfo de los recubrimientos, no permite concluir  la composición cristalina de estas capas. 
Más aún, este pico también puede ser  atribuido a una fase ternaria de titanio, carbono y boro 
(TiBxCy) procedente de la introducción de átomos de carbono dentro de la red hexagonal del 
TiB2 [72]. El ligero aumento de la cristalinidad que se observa con el incremento de carbono 
podría ser interpretado por la formación de una fase ternaria TiBxCy [73]. 
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Figura 11. Difractogramas en ángulo rasante (1º) de muestras seleccionadas de las series TiC/a-C, 
WC/a-C y TiBC/a-C depositadas sobre substratos de acero tipo M2. JCPDS: 20-1316 (WC1-x), 35-0776 
(W2C), 32-1383 (TiC), 075-0967 (TiB2), 01-1197 (Ti), 01-1262 (Fe). El pico de Ti (°) es originado por 
una intercapa depositada en el sistema TiC/a-C para mejorar la adhesión al substrato. El pico de Fe 
(♦) procede de los substratos. 
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2.2.3.2. Enlace químico por EELS y XPS 
Para estimar la cantidad relativa de a-C en relación con el contenido total de carbono 
(esto es, la fracción lubricante xa-C) se han utilizado las espectroscopias EELS y XPS. Ambas 
técnicas de caracterización son sensibles a la coordinación local sobre el átomo excitado 
(carbono en este caso), siendo adecuadas para evaluar la fracción de átomos de carbono en 
cada fase (a-C o MeC). En la Figura 12a, se representan los espectros EELS del borde K del 
C de las muestras TiC/a-C junto con dos referencias de TiC y a-C. Las principales 
características observadas en la estructura fina son dos picos centrados a 285 y 295 eV, 
correspondientes a las transiciones π y σ respectivamente, aunque difieren en la forma, 
intensidad relativa y posición en energías. Una simple observación de la figura permite 
concluir que existe una transición gradual en los espectros de las muestras desde la referencia 
de TiC a la de a-C, indicativa de un enriquecimiento progresivo de la fase amorfa en la 
composición del recubrimiento. Los espectros fueron simulados mediante combinaciones 
lineales de estos dos patrones hasta encontrar los coeficientes de mejor ajuste. Los 
porcentajes estimados de a-C de este modo varian entre 5 y 85% para la serie de muestras de 
nanocomposites TiC/a-C. 
 
 
Figura 12. Espectro EELS del borde K del C para la serie TiC/a-C (a) y espectro XPS de la región C 
1s para los sistemas WC/a-C (b) y TiBC/a-C (c). Espectro ajustado del borde K del C para las muestra 
R2B-TiC/a-C (d). Espectro ajustado del pico de fotoelectrones 1s del C para las muestras R1-WC/a-C 
(e) y R1-TiBC/a-C (f). 
 
Annex – Spanish synopsis 
 
 
 
Nanostructured lubricant systems for tribological applications 220
La Figura 12d muestra como ejemplo la curva ajustada y los datos experimentales 
obtenidos para la muestra R2B, que arrojó un resultado de 59% de a-C. Esta estimación está 
en buen acuerdo con el porcentaje de carbono libre obtenido a partir de la composición 
química atómica asumiendo una estequiometría 1:1 para el TiC [67]. La estimación de la 
composición de las fases por EELS en el caso de TiBC y WC resulta muy complicada debido 
a la existencia de diversas formas cristalinas, compuestos no estequiométricos, y la ausencia 
de patrones de referencia en la literatura. Por estas razones, para estos dos sistemas se utilizó 
como alternativa un análisis de componentes del pico C 1s por XPS. 
La Figura 12c y 12b muestran el pico de C 1s para los recubrimientos tipo WC/a-C y 
TiBC/a-C, respectivamente. En los recubrimientos WC/a-C  se observa una variación en la 
intensidad relativa entre los dos principales tipos de enlaces de carbono a lo largo de la serie. 
El pico C 1s fue ajustado asumiendo contribuciones principalmente de W-C (283.5 eV) y a-C 
(285.0 eV), y en menor medida de C-O de contaminación superficial a 286.7 eV y 288.6 eV 
(ver Figura 4e) [74]. Los valores de FWHM se fijaron en 1.5 (carburos), 1.7 a 1.8 (a-C) y 
2.0-2.2 (C-O) respectivamente. La contribución de a-C comienza a ser significativa a partir 
de R0.5 (15.7%) cuando el contenido de C total sobrepasa el 50 at.%. A partir de R1, el 
hombro debido a los átomos de carbono en la fase de a-C se hace más visible y comparable a 
la componente de carburo.  
En el caso de la serie TiBC/a-C (ver Figura 12f), el pico de C puede ser ajustado con 
tres componentes principales a 282.2, 283.2 y 284.5 eV que se detallarán a continuación 
[74,75]. La estructura del pico fue similar para toda la serie variando la intensidad relativa 
entre los tres picos. La energía de enlace de una fase pura de TiC está alrededor de 282.0 eV 
y la de carbono amorfo 284.5-285.0 eV. El pico predominante situado a 283.2 eV puede ser 
atribuido a la fase de TiBxCy formada por la incorporación de átomos de carbono a la fase de 
TiB2 cuyo posición se desplazaría hacia energías más altas debido a la diferente 
electronegatividad entre C (2.55) y B (2.04), tal como ha sido reportado anteriormente por 
otros autores [74,75]. La fracción xa-C se mantiene constante alrededor del 20% para las tres 
primeras muestras de la serie y luego aumenta continuamente hasta aproximadamente el 
50%. Parece que cuando no puede acomodarse más C dentro de la fase TiBxCy, el sobrante 
aparece como a-C libre. Una tendencia similar fue observada por Gilmore y col. con 
recubrimientos TiB2/DLC [76]. 
Una vez que la fracción de átomos de carbono presente en la fase amorfa se ha 
evaluado para cada tipo de recubrimientos es posible revisar las propiedades de fricción en 
función de este parámetro clave. La Figura 13 traza la evolución de los coeficientes de 
fricción vs. la fracción de lubricante, xa-C. De manera análoga a la Figura 10, la fricción 
tiende a disminuir rápidamente para las series WC/a-C y TiBC/a-C desde 0.6-0.8 a valores 
inferiores a 0.2 para los contenidos de xa-C por encima del 40%. Para obtener un valor similar 
de coeficiente de fricción en la serie TiC/a-C es necesario que la fracción xa-C se eleve hasta 
el 60%. Se puede obtener una mayor reducción de la fricción, incluso por debajo de 0.1, 
mediante el aumento de la fracción lubricante pero siempre son necesarios menores 
porcentajes de xa-C para el WC/a-C y TiBC/a-C. Por ejemplo, μ∼0.1 se alcanza con un xa-C de 
75% para la serie TiC/a-C, pero sólo el 49% es necesario en el caso del TiBC/a-C. Las 
razones detrás de este diferente comportamiento tribológico no eran evidentes y por este 
motivo se procedió a realizar un análisis post-test de las superficies en contacto por 
espectroscopia Raman. Con la información obtenida se podrá obtener una mejor 
comprensión de los fenómenos químicos desarrollados en la zona de contacto y que son 
responsables finales del comportamiento tribologico observado. Para ello, hemos 
seleccionado de cada familia de recubrimientos dos capas representativas del régimen de alta 
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y baja fricción (fijando el umbral para la baja fricción en coeficientes μ< 0.2). Esto se 
corresponde en términos de contenidos de a-C a regiones delimitadas por xa-C ≤ 20% y xa-C ≥ 
30-40% respectivamente. 
 
 
 
Figura 13. Coeficiente de fricción en función de la fracción relativa de a-C respecto del contenido 
total de carbono (xa-C). 
 
2.2.4. Análisis Raman después del test de fricción 
La Figura 14 muestra los espectros tomados a partir del material transferido a la bola, 
junto con los obtenidos para los recubrimientos iniciales con fines comparativos. La columna 
de la izquierda (Figura 14a, c y e) muestra los resultados obtenidos para los valores bajos de 
xa-C (<20%). Las principales características que aparecen después de la fricción corresponden 
a la formación de óxidos metálicos y el incipiente desarrollo de los picos D y G 
característicos de las estructuras desordenadas formadas por enlaces sp2 C-C. En el caso del 
recubrimiento TiC/a-C [5% xa-C] los picos iniciales (284, 384, 582 y 675 cm-1), típicos de los 
compuestos de  TiC con desorden estructural, desaparecen y se transforman en óxido de 
titanio y/o titanato de hierro (FeTiO3) aproximadamente a 430 y 600 cm-1, originados por la 
oxidación parcial de la fase de TiC [77]. La Figura 14c muestra los resultados obtenidos para 
la muestra WC/a-C [8% xa-C]. Las nuevas bandas con frecuencias en torno a 360, 720 y 960 
cm-1 se pueden asignar a una mezcla de óxidos de hierro y de tungsteno. Este último pico es 
asignado en la bibliografía al modo de tensión (“stretching”) de los dobles enlaces de W=O 
que aparecen en las fronteras de grano de los óxidos de tungsteno amorfo o 
nanoestructurados [78]. Estos resultados se correlacionan con la fuerte interacción del acero 
(adhesión/reacción química) con la superficie de las muestras R0 y R0.1, cuyo desgaste no 
pudo ser medido por la transferencia de material de la bola sobre la capa. En el último caso, 
el recubrimiento TiBC/a-C [20% xa-C] (Figura 14e) muestra una banda ancha e intensa a 710 
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cm-1 atribuible a óxidos de hierro (fase γ-Fe2O3, maghemita) producidos por la oxidación de 
la bola de acero, en comparación con los picos D (1375 cm-1) y G (1580 cm-1) de la fase de 
a-C (en menor proporción). Por todo lo anterior podemos suponer que cuando la cantidad de 
fase lubricante es escasa, la fuerte interacción generada entre la superficie de un material 
duro y la bola de acero ocasiona procesos de adhesión, transferencia y oxidación de las 
superficies en contacto, que conducen a unos valores altos de fricción, aunque hay que 
destacar que para las muestras de TiC/a-C la reacción con el hierro no fue tan manifiesta. 
Esto podría justificar que los valores de fricción sean más bajos con este sistema en la región 
de bajos contenidos de a-C. Similares tendencias han sido observadas en la bibliografía para 
diferentes recubrimientos del tipo TiC/a-C(H) preparados por métodos de PVD y PACVD 
[69]. 
 
Figura 14. Espectros Raman obtenidos sobre la huella de desgaste sobre las bolas tras los ensayos 
tribológicos. Se incluyen los recubrimientos iniciales con fines comparativos. Las muestras detalladas 
son: TiC/a-C [5% xa-C] (a), TiC/a-C [59% xa-C] (b), WC/a-C [8% xa-C] (c), WC/a-C [43% xa-C] (d), 
TiBC/a-C [20% xa-C] (e) y TiBC/a-C [30% xa-C] (f). 
Sistemas nanoestructurados lubricantes con aplicaciones tribológicas 
 
 
 
M.D. Abad 223 
El análisis del segundo grupo de muestras representativas (Figura 14b, d y f), con baja 
fricción (xa-C>30-40%), revela un conjunto de características similares para todas ellas. En 
todos los casos, los picos D y G en la superficie de la bola aparecen mejor definidos en 
comparación con los espectros de los recubrimientos iniciales. Este cambio es especialmente 
destacado en el caso del WC/a-C [43% xa-C] (Figura 14d) y TiBC/a-C [30% xa-C] (Figura 14f) 
donde estas bandas eran inicialmente bastante débiles. La formación de óxidos metálicos se 
reduce mucho en estos casos y sólo se detecta un pequeño pico debido a enlaces W=O a 945 
cm-1 (véase la Figura 14d). En el primer caso (TiC/a-C), los espectros parecen casi idénticos, 
con unos picos D y G muy pronunciados, aunque la intensidad del pico G y la posición 
aumentan un poco. Por otra parte, para los tres tipos de recubrimientos, se observa un 
desplazamiento de la posición del pico G hacia frecuencias más altas (∼1580 a 1600 cm-1). 
Estos cambios se correlacionan con una reducción de defectos y crecimiento del tamaño de 
los dominios grafíticos en una red de carbonos enlazados mediante enlaces tipo sp2, 
inicialmente muy desordenada [79]. Esta conclusión parece coincidente con el 
comportamiento tribológico en condiciones ambientales de las capas de DLC y otros 
recubrimientos a base de carbono [61,69,79]. 
La comparación de los espectros Raman obtenidos para los recubrimientos de partida 
apunta a una mayor concentración relativa de material de carbono sp2 desordenado en el 
sistema TiC/a-C, y está de acuerdo con la estimación de la fracción relativa de a-C obtenida 
por EELS y XPS. Sin embargo, la formación de un material tipo grafítico (“graphitic-like”) 
en el contacto siempre es observada cuando disminuye el coeficiente de fricción, 
independientemente de los menores porcentajes de xa-C en los dos últimos casos. Una posible 
explicación a esta particularidad puede ser la generación in situ en la zona de contacto de 
carbono por transformación y/o descomposición inducida por la fricción de los carburos no 
estequiométricos y/o soluciones sólidas meta-estables. En este sentido, la descomposición de 
carburo de tungsteno, generando carbono y compuestos de WC sub-estequiométricos con 
vacantes de carbono en su estructura, viene descrita en el diagrama de fases del sistema W-C 
(Figura 15a) y se ha visto confirmada en el estudio de estabilidad térmica de estos mismos 
recubrimientos [80,81] (section 4.4). En el caso del sistema TiBC/a-C, estudios previos han 
señalado la formación de una fase meta-estable hexagonal TiBxCy mediante la adición de 
carbono en una estructura hexagonal TiB2 inicial [60,82] o en solución sólida binaria y 
ternaria del sistema TiBC [82,83] (véase Figura 15b). El aumento de la temperatura y las 
fuerzas de fricción generadas en el contacto durante el ensayo de fricción pueden contribuir a 
la liberación de C, revirtiendo los procesos que dieron origen estas fases, aunque son 
necesarios más estudios para confirmar esta hipótesis.  
 
2.2.5. Conclusiones 
El comportamiento tribológico de recubrimientos nanocomposite compuestos por 
carburos metálicos embebidos en una matriz de carbono amorfo (a-C) fue evaluado 
comparando los sistemas de TiC/a-C, WC/a-C y TiBC/a-C preparados por la técnica de 
pulverización catódica con contenido de carbono variable.  
Los coeficientes de fricción, tasas de desgastes y durezas parecen estar relacionadas 
con el contenido total de carbono. Estimando el porcentaje de átomos de carbono situados en 
la fase lubricante amorfa se ha hecho un análisis comparativo en muestras seleccionadas que 
proporcionaron valores de coeficiente de fricción similares (μ∼0.2). El análisis Raman de las 
superficies de las bolas demostró la formación de un material tipo grafítico para los 
recubrimientos lubricantes (aquellos con mayor fracción de a-C) durante el test de fricción. 
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La cantidad relativa de a-C [xa-C] necesitada para reducir la fricción por debajo de 0.2 es 
menor en los recubrimientos nanocomposites formados por carburos metaestables o no 
estequiométricos (TiBC/a-C y WC/a-C) de 30-40 % vs. 55-60 % (TiC/a.C). Este descenso 
del valor umbral mínimo fue atribuido a una liberación parcial de C en la zona de contacto 
bajo fricción debido a la descomposición o transformación de estos compuestos. No 
obstante, la resistencia al desgaste es inferior para el TiBC/a-C (con mayores durezas) 
probablemente por una mayor fragilidad y aparición de microgrietas.  
 
 
Figura 15. (a) Diagrama de fases del sistema W-C. Abajo se especifica la secuencia observada de 
transformaciones entre las distintas fases. (b) Diagrama esquemático de la estructura cristalina del 
TiB2 puro y sitios posibles de incorporación para los átomos de C. 
 
En conclusión, de los tres sistemas estudiados, con los recubrimientos tipo WC/a-C se 
puede encontrar un buen compromiso entre propiedades mecánicas y tribológicas con 
durezas alrededor de 15-20 GPa, coeficiente de fricción ~0.2, tasas de desgaste 10-7-10-8 
mm3/Nm para valores de [xa-C] en torno al 40-45%. Este valor podría garantizar la 
generación de suficiente fase lubricante de a-C en la zona de contacto sin menoscabo 
apreciable en los valores  de dureza y notable resistencia al desgaste. Todas ellas son 
propiedades de interés para aplicaciones que requieran condiciones de lubricación con alta 
capacidad de carga. 
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3. Conclusiones generales de esta tesis 
El objetivo de este trabajo ha sido el desarrollo de nuevos sistemas nanoestructurados 
lubricantes, en forma de nanocomposite y nanopartículas, para su uso como lubricantes 
sólidos o aditivos lubricantes, respectivamente. El proceso incluyó la síntesis experimental, 
una exhaustiva caracterización química y microestructural, y la medida de sus propiedades 
tribológicas con el propósito de validar su aplicabilidad. Este estudio ha contribuido 
substancialmente al entendimiento del mecanismo tribológico a nanoescala, y puede ayudar a 
diseñar nuevos materiales con propiedades a medida a través de las correlaciones 
establecidas entre las condiciones de síntesis, las características microestructurales y el 
comportamiento tribológico observado. El proyecto ha servido también para identificar 
aquellos procesos físicos y químicos implicados, responsables del comportamiento 
observado. A continuación se detallan algunos de las conclusiones parciales más relevantes 
para cada uno de los sistemas nanoestructurados. 
 
3.1. Lubricación húmeda 
El objetivo ha sido sintetizar nuevas partículas en el rango nanométrico que pueden 
actuar como aditivos para lubricantes. Las nanopartículas metálicas fueron sintetizadas vía 
reducción química en presencia de surfactantes orgánicos. Se prepararon nanopartículas de 
Pd recubiertas por cadenas de tetraalquilamonio y nanopartículas de Au recubiertas con 
cadenas de alcanotiol. Las dispersiones de ambos tipos de nanopartículas (5% en peso) 
fueron preparadas en parafina y acetato de tetrabutilamonio (TBA) como bases lubricantes. 
Ambos tipos de NPs presentaron un tamaño de aproximadamente 2 nm por TEM pero 
diferente contenido de metal: Au (50% en peso) y Pd (10% en peso). 
Estudiando la influencia de la base lubricante (TBA y parafina) sobre el 
comportamiento tribológico se observó la formación de una película protectora sobre las 
superficies del contacto, en el caso del Au con la parafina y en el caso del Pd con ambos 
medios. Se obtuvieron valores de desgaste del orden de 10-10 - 10-11 mm3/Nm  (bola) y 10-9 
mm3/Nm (disco) que resultan comparables a los demostrados por la base lubricante sin 
aditivios (en el caso del disco) y superiores (10-100) veces mejor en el caso de las bolas 
(material antagonista estático). Los valores del coeficiente de fricción son estables entre 0.07 
y 0.09. 
 Se observan diferencias notables en la resistencia eléctrica del contacto entre las 
nanopartículas de Au y Pd. En el caso del Pd se observa un descenso de la resistencia hasta 
valores inferiores a 100 Ω, no observado con el Au que no altera el carácter aislante del 
lubricante, alrededor de 70-80 kΩ. Esta particularidad lo hace muy interesante para su  
empleo en dispositivos electrónicos o en contactos eléctricos donde a una protección frente al 
desgaste ha de sumársele el carácter conductor.  
Se ha realizado un estudio sistemático de las NPs de Pd dispersadas en TBA con el 
propósito de estudiar la influencia  de los diferentes parámetros en la respuesta tribológica. 
Se ha encontrado que una concentración del 2% en peso de NPs de Pd es suficiente para 
mejorar las propiedades tribológicas conservando la baja resistividad eléctrica observada. 
Los tests llevados a cabo con altas cargas (20 N) nos permitieron evaluar el comportamiento 
bajo extrema presión además del ya conocido carácter anti-desgaste de las NPs. Los tests 
bajo condiciones extremas de carga (presión de contacto > 1.62 GPa) produjeron excelentes 
tasas de desgaste del orden de 3×10-10 mm3/Nm y coeficiente de fricción inferiores a 0.1. 
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Se ha estudiado la influencia de las NPs en el movimiento reciprocado a diferentes 
velocidades lineales y cargas y se comprobó como se formó un TF en todos los casos 
estudiados, con los consiguientes beneficios en la tasa de desgaste y buena resistividad 
eléctrica. Además se comprobó como añadidas directamente sobre las superficies a lubricar 
éstas cumplen su carácter protector, de forma similar a como actúa un recubrimiento sólido.  
 Se ha investigado la influencia del tipo de bola utilizada y se ha observado que a 
pesar de no formar un TF en todos los casos, probablemente debido a la diferente adhesión y 
naturaleza del material, se encontró una mejora del comportamiento tribológico.  
 
3.2. Lubricación seca 
En este trabajo se ha probado a preparar recubrimientos nanocomposites combinando 
carburo de tungsteno nanocristalino (nc-WC) o carbo-boruro de titanio (nc-TiBC) con 
carbono amorfo (a-C) en diferentes proporciones usando la técnica de magnetron sputtering a 
temperatura ambiente. Controlando las potencias aplicadas a los blancos de WC (PWC) o 
TiC:TiB2 (PTiC:TiB2) y grafito (PC) es posible obtener recubrimientos con composiciones 
variables de fase dura y lubricante. 
 
3.2.1. Recubrimientos nanocomposite WC/a-C 
Incrementando la relación de potencias aplicadas al magnetrón de grafito respecto del 
de WC el contenido de carbono amorfo libre crece de forma continua mientras que la 
fracción cristalina alcanza un estado estacionario. Las fases cristalinas fueron identificadas 
como WC1-x y W2C por XRD. La microestructura de los recubrimientos está formada por 
pequeños cristalitos de tamaño nanométrico distribuidos en el seno de una matriz amorfa rica 
en carbono a medida que la ratio R se hace mayor. La caracterización microestructural por 
XRD y TEM/ED mostró que incrementando el contenido de carbono, las fases 
nanocristalinas de WC evolucionan desde una fase hexagonal W2C hasta una β-WC1-x 
(cúbica). Si seguimos aumentando el contenido de carbono se favorece la presencia de una 
fase desordenada de C-C sp2 (a-C) que engloba los pequeños cristalitos de WC1-x formándose 
un nanocomposite. 
La determinación por XPS de la fracción de átomos de carbono unido al tungsteno 
(fases WCx) o unido al carbono (como la matriz a-C) resultó crucial para comprender el 
comportamiento mecánico y tribológico de los recubrimientos. Así, el punto de transición se 
encontró cuando el contenido de a-C es de un 10% atómico (expresado en términos de 
contenido total ≈ 50 at.%). Esto también se correlaciona con el punto de transición 
microestructural desde compuestos nanocristalinos sub-estequiométricos de WC a 
recubrimientos nanocomposites WC1-x/a-C. 
Los recubrimientos nanocristalinos fueron caracterizados por su alta dureza (36-40 
GPa) y alta fricción (0.8). Cuando el a-C llega a ser la fase dominante, la fricción puede ser 
reducida hasta 0.2 con excelentes tasas de desgaste en el rango de 10-7-10-8 mm3/Nm y 
dureza moderada (16-20 GPa). El mecanismo de fricción parece ser controlado por la 
generación de carbono desordenado de tipo sp2 en la zona de contacto “graphite-like”. 
Cuando dicha fracción de a-C es insuficiente, la formación de partículas de desgaste son las 
responsables del desgaste abrasivo y de la alta fricción. 
La determinación de la relación entre la fracción de a-C y las propiedades mecánicas 
y tribológicas ha sido útil para clarificar las regiones encontradas en la literatura donde se 
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observaron múltiples cambios en función del contenido de carbono y explicar la respuesta 
tribológica observada. 
Se ha estudiado la estabilidad térmica de los recubrimientos mediante calentamientos 
en vacío y seguimiento de las transformaciones estructurales y de fases mediante “in situ” 
XRD y análisis Raman. La estabilidad térmica se incrementó por la presencia de la matriz de 
carbono que ayuda a estabilizar las fases de carburo de tungsteno e incrementa la resistencia 
a la oxidación. 
Se han estudiado las propiedades ópticas mediante medidas de elipsometría. Las 
funciones dieléctricas de las fases W2C y WC1-x han sido descritas mediante el modelo de 
Drude-Lorentz. Dicha técnica mostró la alta sensibilidad de las constantes ópticas a la 
composición química de los recubrimientos WC/a-C y puede ser usada en la determinación 
de la composición de recubrimientos con múltiples fases. 
La resistividad eléctrica de los recubrimientos varió entre 108 y 232 μΩ·cm cuando el 
contenido de carbono se incrementó desde 33 al 69 % at. Las propiedades eléctricas fueron 
correlacionadas con la formación de fase cristalina y la evolución morfológica. Los 
resultados de un ajuste teórico usando el modelo de “Grain Boundary Scattering” 
(Dispersión por fronteras de grano) permitieron la identificación de los mecanismos de 
dispersión de los electrones, defectos en la red cristalina y fronteras de grano en los 
recubrimientos nanocristalinos (recubrimientos nanocristalinos W2C y WC1-x) mientras que 
para los recubrimientos nanocomposites (WC1-x/a-C) la dispersión está limitada por el 
tamaño de los cristalitos. 
En conclusión, se has demostrado las ventajas del uso de este ruta simple de 
sputtering, con blancos separados para la fase dura y lubricante, para controlar la 
microestructura, la composición química y por lo tanto las propiedades tribológicas y 
mecánicas para una aplicación seleccionada.  
 
3.2.2. Recubrimientos nanocomposite TiBC/a-C 
Una serie de recubrimientos nanocomposite TiBC/a-C han sido depositados mediante 
magnetron sputtering usando dos blancos separados de  TiC:TiB2 (60:40) y uno de carbono 
grafito. El análisis por microscopias X-SEM y TEM puso en evidencia que la 
microestructura de los recubrimientos es bastante amorfa con pequeños nanocristales 
dispersos. Medidas de difracción de rayos X revelaron que inicialmente el material 
depositado a partir del blanco TiC:TiB2, exhibe una estructura totalmente amorfa (R0). Sin 
embargo, cuando se incrementa el contenido de carbono en las muestras se observa un 
incremento en el grado de cristalinidad (también por TEM y ED), lo cual es atribuido a la 
formación de una fase ternaria nanocristalina TiBxCy. 
La investigación de la naturaleza del enlace químico por ELNES confirmó la 
presencia de enlaces Ti-B, Ti-C y C-C mezclados en diferentes proporciones. Se evidenció 
un incremento gradual de enlaces Ti-C, a expensas de enlaces Ti-B, en paralelo con un 
incremento de la cantidad de a-C. Además, los espectros XANES del borde L del Ti 
revelaron una estructura fina intermedia entre aquella de las fases h-TiB2 y fcc-TiC. Estos 
resultados son consistentes con la formación de un compuesto TiBxCy pobremente 
cristalizado, finamente dispersado en una matriz de a-C, a pesar de que no es posible 
dilucidar la estructura cristalina fcc-TiC1-xBx or h-Ti(B1-xCx)2 . 
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El borde K del Ti ha sido estudiado mediante XANES y EXAFS. Ambos análisis 
concuerdan en identificar la presencia de enlaces Ti-B y Ti-C a distancias similares a las 
descritas en el fcc-TiC y algo desplazadas en el caso del Ti-B. Con el aumento del % de C se 
detecta una mayor contribución de este último tipo de enlace y del orden estructural. El 
pequeño desplazamiento de los enlaces Ti-B respecto del valor teórico en  h-TiB2 se asocia a 
la formación de la fase TiBxCy.  
Los diferentes tipos de enlace químico del carbono en los nanocomposites TiBC/a-C 
han sido determinado mediante XPS. El pico del C puede ser descompuesto en tres 
componentes principales a 282.3, 283.3 y 284.5 eV. El primer pico y el último concuerdan 
con las típicas energías de ligadura de los enlaces Ti-C y C-C, respectivamente. La posición 
de la tercera componente a 232.3 eV puede ser asignada a un átomo de carbono enlazado a 
un Ti y un B (fase TiBxCy). La contribución relativa del pico del C-C incrementa con el 
contenido de carbono, correspondiente a la formación de una matriz de a-C. La cantidad 
relativa de los diferentes tipos de carbono (xa-C, xTiBxCy, and xTiC) fue correlacionada con las 
propiedades tribológicas y mecánicas.  
La fracción de TiBxCy permanece prácticamente constante (aproximadamente 40%), a 
pesar del incremento del contenido total de carbono en los recubrimientos, resultando en un 
buen comportamiento mecánico (dureza = 22-30 GPa). Cuando el contenido de átomos de C 
enlazados entre sí (C-C) pasa del 20 al 30%, el coeficiente de fricción cambia rápidamente 
de 0.7 a 0.3. Esto concuerda con los espectros Raman, donde se ve un aumento de los picos 
D y G. A partir de este punto se observó una clara mejora del coeficiente de fricción y la tasa 
de desgaste, confirmando el papel lubricante de la fase de a-C. Incrementando  xa-C por 
encima del 50% el coeficiente de fricción decrece hasta 0.1.  
Las propiedades ópticas de los recubrimientos de TiBC/a-C han sido relacionadas con 
la composición química y microestructura. La función dieléctrica de la serie evoluciona 
desde una típica de los metales (R0) hacia una de tipo no-metal (R2 y R3), a la vez que 
aumenta la concentración relativa de a-C en los recubrimientos. La naturaleza compleja del 
recubrimiento fue investigada usando la teoría de Maxwell-Garnet (mezcla de fase amorfa 
TiBxCy y a-C) y se obtuvo una estimación del porcentaje en volumen de la fase de  a-C en 
buen acuerdo con las estimaciones hechas por XPS.  
La resistividad eléctrica de los recubrimientos varió entre 200 y 428 μΩ·cm cuando el 
contenido de carbono creció del 31 al 61 at.%. Las propiedades eléctricas fueron 
correlacionadas con los cambios morfológicos y composicionales observados en estos 
recubrimientos debido a la adición de a-C. El estudio mediante el modelo de “Grain Bondary 
Scattering” reveló que el recorrido libre medio de los electrones está principalmente limitado 
en el caso de los recubrimiento cuasi amorfos (R0 y R0.5) por los defectos de red y en el 
caso de los nanocristalinos (R1 y R2) por las fronteras de grano y defectos puntuales en la 
red. 
A propósito de las propiedades ópticas y eléctricas de los recubrimientos TiBC/a-C, a 
pesar de la gran variación en la composición química; el indice de refracción y el coeficiente 
de extinción fueron muy poco dependientes del contenido de carbono y la dispersión de las 
curvas n(E) y k(E) fue bastante similar a aquella del TiC y la resistividad eléctrica exhibe 
bajos valores. Estas propiedades, combinadas con las buenas propiedades tribo-mecánicas 
(alta dureza y buenas propiedades tribológicas) hacen que estos recubrimientos sean buenos 
candidatos como materiales protectores en óptica y microelectrónica y en aplicaciones 
propias de recubrimientos protectores y tribológicos.  
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3.2.3. Comparación del comportamiento tribológico de varios recubrimientos 
nanocomposite tipo MeC/a-C 
Con la información previa adquirida en los sistemas preparados de tipo 
nanocomposite MeC/a-C, en este punto de la investigación se ha tratado de hacer un estudio 
comparativo con objeto de profundizar en el conocimiento de los factores que gobiernan su 
comportamiento tribológico y que pueden ser aprovechados para hacer una síntesis a medida 
con las propiedades funcionales deseadas. La metodología seguida ha sido una 
pormenorizada investigación del enlace químico y las características estructurales a escala 
nanométrica por diferentes técnicas de caracterización: XRD, XPS, EELS y espectroscopia 
Raman, con el propósito de establecer correlaciones con las propiedades tribológicas. La 
información obtenida por análisis Raman del material antagonista después de los tests de 
fricción nos ha servido para determinar  los cambios químicos que ocurren en el área de 
contacto, y que en definitiva se hallan directamente implicados en las propiedades de fricción 
observadas.  
Los tres sistemas estudiados fueron los recubrimientos nanocomposites: TiC/a-C, 
WC/a-C y TiBC/a-C. Cabe destacar la importancia de determinar la fracción relativa de 
átomos de carbono en la fase amorfa como parámetro clave para comprender las propiedades 
tribológicas en sistemas nanocomposite autolubricantes (fracción relativa de a-C, xa-C). El 
análisis Raman post-test de las bolas demostró que para contenidos bajos de a-C se favorece 
la interacción directa entre las superficies en contacto, promocionando la reacción de la bola 
de acero con el recubrimiento y el medio que le rodea. En estos casos se ha puesto de 
manifiesto fenómenos de adhesión, intercambio de materia y oxidación de los materiales en 
contacto bajo condiciones severas de fricción. Sin embargo, para los recubrimientos más 
lubricantes (aquellos que tienen mayores fracciones de a-C), se ha puesto de manifiesto la 
generación de un material carbonoso en el contacto (graphitic-like) que ayuda a disminuir el 
coeficiente de fricción. 
El valor mínimo de xa-C necesario para reducir el coeficiente de fricción varía 
dependiendo del sistema. Por ejemplo, si fijamos un valor umbral de coeficiente de fricción 
de 0.2, la fracción relativa de a-C necesaria se sitúa en torno al 30-40% en los recubrimientos 
nanocomposite formados por carburos metaestables o no-estequiométricos (WC/a-C y 
TiBC/a-C) frente al 55-60% del sistema TiC/a-C. Este descenso es atribuido a una liberación 
parcial de carbono en la zona de contacto, bajo fricción, debido a la descomposición o 
transformación de fases de estos compuestos que pueden fácilmente acomodar las vacantes y 
deficiencias de carbono en sus estructuras. El aporte de carbono amorfo en el contacto 
facilita el deslizamiento de la bola sobre el material duro pues actúa disminuyendo el 
rozamiento en la intercara y reduciendo los mecanismos de desgaste. Por este motivo, se ha  
demostrado una dependencia de la variación de las tasas de desgaste de los recubrimientos a 
lo largo de las series con el coeficiente de fricción, y no con el valor de la dureza, lo que 
subraya la importancia de los fenómenos de lubricación a escala microscópica en el control 
de las propiedades tribológicas. 
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